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ABSTRACT 
Solid-state nuclear magnetic resonance (NMR) is widely applied to elucidate the 
structure, morphology, and dynamic information in material science. In this dissertation, one 
and two-dimensional (ID and 2D) 19F, *H, and 13C solid-state NMR techniques are 
developed and applied to investigate the structure-function relationships of the perfluorinated 
ionomer, Nafion, a widely used polymeric electrolyte membrane. The 19F magnetic 
resonances of Nafion are assigned to their corresponding chemical groups using 2D l3C-l9F 
heteronuclear correlation and 19F-19F 2D exchange NMR experiments with fast magic-angle 
spinning (MAS) combined with peak area and relaxation time information. Analysis of peak 
widths and positions of the 13C and 19F spectra provides insight in the inhomogeneous 
broadening observed in both 13C and 19F NMR spectra for the sites near the backbone CF 
group. It results from static disorder near the branch point, which contrasts with the high 
conformational order of the rest of the backbone and the mobility of the side chain ends. 
Fast rotations of the helical backbone segments around the local helix axis are confirmed in 
PTFE and observed similarly in Nafion, in terms of motionally reduced C-F dipolar splittings 
as well as uniaxial 13C and 19F chemical shift anisotropics (CSAs) that are parallel to each 
other. The mobility difference of various sites in Nafion is revealed by 2D iso-anisotropic 
chemical shift separation NMR and quantified by the site-specific CSA dephasing technique. 
Fast frequency changes measured by centerband-only detection of exchange (CODEX) NMR 
with two-dimensional isotropic-chemical shift identification confirm short lateral order in 
Nafion compared with the highly ordered parallel packed chains in crystallites of PTFE. The 
location of organic counterions in Nafion depends on the length of their alkyl chains and they 
affect the molecular motion of sidechains and backbones of Nafion differently. The smaller 
counterions are closer to the end of the sidechains, while the bigger counterions with flexible 
alkyl chains are near the Nafion backbones. 2D exchange and CSA dephasing experiments 
reveal mobility reduction of Nafion by the introduction of organic counterions. 'H wideline 
NMR, with the help of background suppression, and 2D *H-13C wideline separation (WISE) 
NMR illustrate the difference in the dynamics of organic counterions in Nafion: small 
counterions undergo overall fast rotations, while segmental mobilities increase towards the 
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ends of the alkyl chains of the bigger ions. The size of the ionic clusters is estimated by 2D 
C(HH)C multiple alternating depolarization (MAD) to be at least 10 nm3, which contains 
around 100 counterions. The packing order of Nafion backbone segments was probed by 2D 
CODEX with the detailed simulation on the spin diffusion along the backbones. The 
diameter of backbone segments in Nafion was estimated to be 1 - 3 nm, using l9F spin 
diffusion from the side groups to the backbone with the diffusion coefficient extracted from 
19F spin diffusion after rotary resonance C-F dipolar recoupling. A model with alternating 
curvatured backbones for Nafion is proposed based on the structural and dynamics data. 
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Chapter 1 
GENERAL INTRODUCTION 
1.1 Nafion 
Nafion, a perfluorosulfonated ionomer, has been used as a membrane material in 
industry since it was developed by the E. I. DuPont Company in the 1960s.1 These 
perfluorosulfonated ionomers are composed of perfluorinated polymer backbones with 
sidechains commonly containing sulfonic acid groups (-SO3H). The unique properties of 
Nafion come from this combination of hydrophilic sulfonic acid sidechains and hydrophobic 
perfluorinated backbones. Nafion has good chemical resistance due to the perfluorinated 
backbones and it is a good polymeric electrolyte when hydrated. The morphology, 
formation, and response to external conditions, as well as applications of Nafion have been 
an active field of research since its first production.1'2 
Most structural studies of Nafion, either in the solid state or as a solution dispersion 
have utilized X-ray or neutron scattering techniques.3"6 Morphological models of Nafion 
after absorbing water comprise a hydrophobic fluorocarbon phase and hydrophilic ionic 
phases, which include the ions and the absorbed water molecules. The best known model 
was proposed by Gierke7: the ion-containing clusters are imbedded in a continuous 
fluorocarbon phase, while the clusters are connected by the narrow channels which are 
important for the transport, conductivity, and other properties of the material. This model 
has been debated since it was proposed. A lot of experimental and theoretical studies have 
been performed and various morphological models of Nafion have been proposed.4'8"18 
1.2 Solid-state NMR studies on polymers 
Nuclear magnetic resonance (NMR) spectroscopy is nowadays a powerful method in 
many different fields, physics, chemistry, biology, and clinical medicine. The responses of 
the nuclear spins to the internal and external magnetic fields provide a versatile molecular-
level probe for the structure and dynamics information of the system. 
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The low resolution of solid-state NMR due to the absence of high frequency isotropic 
molecular motions as in solutions limited early solid-state NMR studies. Cross-polarization 
(CP),19 magic-angle spinning (MAS),20'21 and the ingenious application of multiple pulses 
techniques make the orientation-dependent (anisotropic) interactions in solids valuable for 
probing the structural and dynamical information of solids. Solid-state NMR is now a 
powerful tool for studies of structure, morphology, and dynamics in solids, such as polymers, 
biomaterials, and inorganic materials. 
It is the goal of modern material science to establish structure-property relationships 
and direct the improvement of known and design of new materials. This is true for synthetic 
polymers, which are long chain molecules composed of large number of repeat units and 
whose material properties strongly depend on both the molecular structure and the 
organization of the macromolecules in the solid state. Macroscopic as well as microscopic 
properties of polymers which are determined by the phase structure, morphology, molecular 
order and molecular dynamic features of polymers are the result of the physical and/or 
chemical processing following the chemical synthesis. Polymer materials are mostly used as 
solids, so their properties are best probed in the solid state by suitable analytical tools. 
Scattering techniques and microscopy are choices for probing structural features of material, 
while relaxation techniques are usually applied to provide dynamic information on the 
materials. Of course, spectroscopic techniques, such as IR, UV, Raman, etc., are also widely 
used for solids studies. 
Solid-state NMR is a powerful tool for structure and dynamics investigation of 
polymeric solids, especially when other techniques are not suitable; e.g., polymers are 
usually not perfectly crystalline, while this is crucial for some scattering techniques. 
Structural information is usually obtained from the high resolution spectrum, mostly 13C, and 
spatial information from dipolar coupling strengths. Spin diffusion, i.e., magnetization 
redistribution mediated by dipolar couplings, provides morphological information for 
heterogeneous systems. Dynamics information is usually obtained from the observation of 
spin-lattice (T\) or spin-spin (T2) relaxation, line-narrowing, and magnetization exchange of 
the system interested. 
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1.3 Organization of the dissertation 
The main body of this dissertation consists of three parts. The first part is the Nafion 
and NMR techniques introduction, including Chapter two, and three. Chapter two reviews 
the current state of Nafion research with the focus on the morphology of Nafion. A brief 
introduction of useful techniques in solid-state NMR is given in Chapter three. The second 
part describes two NMR techniques developed during the research. Chapter four presents a 
probehead background suppression technique, which is useful for *H NMR of solids and 
applied in the studies of Nafion. Chapter five describes a technique for determining the local 
spin diffusion coefficient using an NMR-only method, with numerical and analytical 
simulations. The third part of the dissertation describes solid-state NMR studies on structural 
and dynamical features of Nafion in four chapters. Chapter six elucidates the structure 
features of Nafion with various solid-state NMR techniques; also some dynamics and 
morphological features are discussed. A detailed discussion of the dynamics of Nafion is 
provided in Chapter seven. In Chapter eight, the studies are extended to Nafion with organic 
counterions. Chapter nine analyzes the packing order of Nafion backbone segments and 
proposes a new morphological model to satisfy NMR data with the consideration of various 
morphological models in literatures. Chapter ten concludes the dynamic and structural 
investigations of Nafion. 
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Chapter 2 
A PERFLUORINATED POLYMER IONOMER: NAFION 
2.1 Introduction 
Nafion, a perfluorinated ionomer, is first developed by the E. I. DuPont Company.1 
The well-known acid form of Nafion is given as Figure 2.1 : 
—((CF2-CF2)6.5-CF—CFz)n 
O-CF2-CF—O-CF2-CF2-SO3H 
CF3 
Figure 2.1 Chemical formula of Nafion 117 in the sulfonic acid form 
Nafion membranes are usually characterized by their equivalent weight and thickness, 
e.g. the designation "117" means that the film has an equivalent weight of 1100 g/mol and a 
nominal thickness of 0.007 inch, i.e. -178 pm. The equivalent weight (EW) is the weight, in 
grams, of dry Nafion per mole of sulfonic acid groups. The number of CF2-CF2 
(tetrafluoroethylene, TFE) repeat units is an average value due to the usually unknown 
comonomer sequence distribution along the polymer chains. So, on average, there are 6.5 
TFE repeat units in Nafion 117. In other words, the sidechains are separated by 14 CF? units 
along the backbone of Nafion 117. 
Nafion combines two extremes: the perfluorinated sulfonic acid sidechains are strong 
hydrophilic, while the perfluorinated backbones are strong hydrophobic. The conductivity of 
Nafion comes from the protons of the sulfonic acid groups. The hydrated SO3" sidechain 
end-groups and the absorbed water provide the media for the transport of protons. The 
excellent chemical resistance of Nafion come from the PTFE-like backbones: the C-F bond 
energy is one of the highest known values, 480 kJ/mol.2 The combination of the proton 
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conductivity and the chemical resistance makes Nafion widely useful for electrochemical 
processes, such as chloralkali electrolysis,3 fuel cells,1'4 and water electrolyzer5 systems. 
Morphological studies of Nafion are needed for interpreting its unique electrical and 
mechanical properties. On this basis Nafion can be modified and new systems can be 
synthesized as directed.6 On the interpretation of the X-ray scattering and swelling data of 
Nafion films, Gierke et al. proposed their cluster network model:7 the aqueous ion-
containing clusters with spherical shape in a diameter of 4 nm are placed in paracrystalline 
lattice with a cluster-distance of 5 nm, see Figure 2.2. They also claimed that clusters are 
connected by the narrow channels in a diameter of 1 nm, which are crucial for the ionic 
conductivity of Nafion membranes, even though no experimental evidence was provided. 
Different models3'8"17 have been proposed to account the different features of 
scattering, swelling, and dynamic mechanical experiments. The shape, size, and distribution 
of the clusters in the morphological models, and the backbone packing as well as crystallinity 
have been a matter of debate.6 
After a brief introduction of the synthesis, physical properties, and applications of 
Nafion, the morphology of Nafion will be the focus and different models will be discussed 
and compared with experimental results. 
5.0 nm 
SO; 
1,0 nm 4.0 nm SO3 §°S 
Figure 2.2 Gierke's cluster-network model of ionic clusters in Nafion7 (Reprinted with permission 
from Gierke, T. D.; Hsu, W. S. In Perfluorinated Ionomer Membranes', Eisenberg, A.; Yeager, H.L., 
Eds.; ACS Symposium Series 180, American Chemical Society: Washington, DC, 1982; pp 283-310. 
Copyright 1982 American Chemical Society.) 
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2.2 Synthesis of Nafion 
The precursor of Nafion is synthesized by copolymerization of the perfluorinated 
vinyl ether (CFz^FOCFzCFfCFg^CFzCFzSOzF, or PFVE) with tetrafluoroethylene 
(CF2=CF2, or TFE).18"20 The synthesis routes to the perfluoroalkyl sulfonyl fluoride 
comonomer are different for commercial products from different companies.1,4,18-20 The two 
initial reactants are perfluoropropene oxide and fluorosulfonylperfluoroacetyl fluoride in the 
DuPont synthesis route, shown as Figure 2.3. They are usually reacted under alkali fluoride 
and heated in the presence of NazCO; to give vinyl products,4 and the sidechain length is 
controlled by the amount of fluorosulfonylperfluoroacetyl chloride.19,20 
V A F02S—CF2C—F + CF2-CF-CF3 -*• FO2S—CF2CF2OCF-CF 
CF3 
A CF2-CF-CF2CI Na2CÛ3 
FO2S—CF2CF2OCFCF2OCF=CF2 
CF3 
Figure 2.3 Synthesis of perfluoroalkyl sulfonyl fluoride monomer for DuPont Nafion 
The polymer is then obtained by radical copolymerization of this special comonomer 
and TFE via bulk, emulsion or solution polymerization.18-20 The equivalent weight of the 
Nafion precursor is controlled by the feed ratio of the polymerization. EW can be measured 
by acid-base titration, analysis of atomic sulfur, and FT-IR spectroscopy.18,21 Due to the 
difficulty of obtaining true solutions of Nafion,22 the molecular weight of Nafion can not be 
determined conveniently by light scattering and gel permeation chromatography (GPC). 
Therefore, very few papers have reported the molecular weight of Nafion, although the range 
105-106 g/mol has been mentioned.1,23 The molecular weight distribution is even less 
reported19 although it is thought very important for its properties. 
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After polymerization, the Nafion precursor is first extruded as a membrane in its as-
polymerized sulfonyl fluoride form since the strong ionic interactions prevent the melt 
processing of the acid form Nafion. The extruded precursor is then converted to the desired 
salt form by the alkali base chosen during the hydrolysis. Thereafter, the acid form (-SO3H) 
is achieved by soaking the film in a sufficiently concentrated aqueous acid solution. The 
Nafion with different metallic or organic counterions can be obtained by the use of suitable 
base during conversion or by ion exchange with the acid form Nafion. The use of metallic 
catalysts, bases and trace metals from processing procedures is the major source of the 
metallic impurities in Nafion.24"27 The purification of Nafion is usually required for 
experiments and applications. This purification procedure is usually composed of strong acid, 
like nitric acid, rinsing and ion exchange for a certain time.25'28 
2.3 Physical/Mechanical properties of Nafion 
The mechanical properties of Nafion are seldom mentioned in the literature except the 
properties related to their use as membranes, such as mechanical integrity, tear resistance, 
etc., which are normally provided in the product description from their commercial sources. 
The perfluorinated backbones and the perfluorosulfonic acid sidechains in Nafion 
make it not only resistant to chemical attack like many other fluoropolymers, but also a 
proton exchange membrane when hydrated. The tetrafluoroethylene (TFE) comonomer is 
crystallizable and the modest crystallinity of Nafion is responsible for the mechanical 
strength of the membranes.29 The physical crosslinks formed by the ionic clusters also affect 
the mechanical properties of Nafion. Nafion cannot form true solution,22 although its fine 
dispersion in alcohol/water is always referred as a solution. Films prepared by simply drying 
these dispersions are often called "recast" Nafion with the properties which are usually 
different from the as-received membranes.29'30 Moore et al. pointed that the properties can be 
reconstituted in the solution-processed film at high casting temperature.30 
Due to the existence of crystallizable backbone segments, Nafion is believed to be a 
semicrystalline polymer. The material can withstand temperatures up to 200 °C without 
thermal degradation,31'32 and the incorporation of metallic counterions enhances the 
9 
temperature significantly.32 Differential scanning calorimetry (DSC) revealed two 
endothermic peaks of the dry Nafion films, precursor,33 acid form,31'33'34 and neutralized 
form.29'31'35 Starkweather compared the second endothermic peak for Nafion, precursor, and 
acid form with different equivalent-weights, and assigned this peak to the melting of 
crystallites of Nafion.33 Stefanithis and Mauritz's study on acid form Nafion 117 revealed 
two endothermic peaks, 145 °C and 230 °C, which were assigned to the transition of the 
cluster and the melting of crystallites in Nafion.34 Moore et al. observed these two 
endotherms of Na+ form of Nafion 117 at about 150 °C and 260 °C, respectively.29 Almeida 
and Kawano observed two endotherms at 120 °C and 230 °C.31 The 120 °C peak 
disappeared on a second heating and reappeared with annealing. Based on the dependence of 
the peak position and intensity on the counterions and hydration level, they correlated this to 
an order-disorder transition in the clusters. The other peak was attributed to the melting of 
the crystallites in Nafion. Recently, Page et al. performed DSC studies on the Cs+ form of 
Nafion 117 at different annealing temperatures, and concluded that both endotherms are from 
the crystallites in Nafion, the lower one corresponds to the less perfect small crystals and the 
higher one corresponds to the more perfect large crystals, at the size of 10 to 20 nm.35 The 
major evidence for their conclusion is the shifting of the lower endotherm to the higher one 
with the increasing annealing temperature, which is common in semicrystalline polymers.36"41 
Aside from this, the dynamic mechanical properties of Nafion, e.g., loss tangent (tanô) 
and storage tensile modulus (£'), are useful for understanding thermomechanical transitions 
related to the microphase separated morphology, which is crucial to the conductivity and 
transport properties of Nafion. Three transitions are first mentioned by Yeo and Eisenberg:32 
a strong a-transition at around 110 °C, a moderately strong p-transition at about 20 °C, and a 
moderately strong ^ -transition at about -100 °C. The a-transition was first believed to be the 
glass transition of the nonionic phase, the |3-transition the glass transition of the polar regions, 
and the ^ -transition the short-range molecular motions in the tetrafluoroethylene phase.32 
Later they reinterpreted42 the a-transition as the glass transition of the polar regions due to its 
sensitivity to ion type, degree of neutralization, and water content, while the ^ -transition was 
assigned to the glass transition of the Nafion matrix. Cable et al. dynamic mechanical 
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analysis (DMA) studies43 concluded that the a- and p-relaxation were due to motions of 
chains within and/or near, and further away from the ion-rich domains, respectively. Moore 
group's recent studies44"46 attributed the a- and ^-relaxation to the onset of long-range 
mobility of the electrostatic network, and the segmental motions within the physically cross-
linked network. Page et al.35 compared their DSC, DMA, SAXS, and 19F NMR studies on a 
series of Nafion with organic tetraalkylammonium, from methyl to decyl, and concluded that 
the «-relaxation was due to the main and sidechains' long-range mobility induced by the 
weakened electrostatic interactions within the ionic aggregates, and the P-relaxation is mostly 
the main chain motions induced by the motions of sidechains in the electrostatic network. 
They concluded the P-relaxation as the genuine glass transition of Nafion. 
2.4 Water absorption of Nafion 
Water absorption and desorption were once the focus of Nafion studies since the 
major application in fuel cells depends on the water content due to its effect on the proton 
conductivity. It is well known that these properties of Nafion are sensitive to the processing 
history, counterions, moisture, temperature, etc. Based on the absorption/desorption features, 
some morphological information can be derived. Three forms are differentiated: shrunk (S), 
normal (N), and expanded (E) forms.6'47 The S form is treated above 100 °C in order to expel 
all residual water; the N form is normally treated at 80 °C and it still has "residual", 
"chemisorbed" water, which is about two molecules per SO3" headgroup even at zero water 
absorption; the E form is made from the polymer solution at high temperature and pressure 
and it can absorb more than 50% water, producing a swollen, physically cross-linked gel. 
Yeo's investigation on the swelling of Nafion membranes in acid and alkali-
counterion forms in a number of hydrogen-bonding solvents48,49 indicated that the less polar 
solvents favor the backbone regions rather than the ionic regions, which are swollen by more 
polar solvents. Gebel et al. showed that there was no convincing evidence of the penetration 
of the solvent in the perfluorinated matrix on their swelling studies on Nafion 117 Li+ 
membranes with a large number of polar solvents at different temperatures.50 Zawodzinski et 
al. compared the water uptake of membranes exposed to saturated water vapor with that to 
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liquid water and discovered that the former was less than the latter,51 even though in fact that 
the water activities in both cases are, on the basis of macroscopic thermodynamics, 
theoretically equal to 1.00. This was also observed by McLean et al.' atomic force 
microscopy (AFM) studies, where they found the existence of a thin fluorine-rich surface 
layer52 which may affect the water uptake. This phenomenon is sometimes called 
"Schroeder's Parodox".51 Later, Hinatsu et al. suggested that the difference in uptake for the 
liquid versus vapor phase is more complex, involving an additional, condensation process on 
the interior pore walls (the term "pore" presumably refers to be a cluster) in the latter, 
whereas sorption from the liquid phase is "direct". On the other hand, it might be argued that 
hydrogen bonds must be broken in the liquid phase before sorption occurs whereas isolated 
water molecules can be sorbed from the vapor phase without this requirement.53 They also 
mentioned that the retarded sorption of water vapor at 80 °C may be due to the greater 
difficulty of condensing on the membrane surface at higher temperatures. 
2.5 Applications of Nafion 
Nafion was first developed at DuPont in late 1960s as an electrolyte membrane for 
chloralkali electrolysis.54 In spite of its high price and low working temperature (80 °C), 
Nafion is still the benchmark as the major proton exchange membrane, or polymeric 
electrolyte membrane (PEM), for low temperature fuel cells (PEFC).55 Fuel cells are perhaps 
the most promising and highly efficient renewable electrical supply for automotives, 
stationary and portable power.56 Most of the leading car manufacturers are involved in 
research and development of PEFC, such as General Motors/Opel, DaimlerChrysler, Ford, 
and Toyota, and some of them have some prototype PEFC-driven vehicles.47,57 Compact 
PEFC systems for portable power supply, like for laptop and cell phone, and small-scale 
residential power back-up are under rapid development nowadays. 
Besides the major applications in fuel cells and electrochemistry, Nafion also 
witnesses much more wide applications in different areas. Nafion can be used as a support 
material for the photoelectrochemical utilization of solar energy,58,59 as a solid polymeric 
electrolyte for some photoelectrochromic60 and electrochromic applications,61,62 as a 
membrane for separation gaseous alkane from liquid alkene,63,64 for pervaporation of 
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methanol,65"68 as a polymeric electrolyte in water electrolysis,69"72 in electro-organic 
synthesis,73"77 catalysis,67'68'78 electrochemical synthesis of chloride and alkali metals,67'79'80 
as a template for nanoparticle synthesis,81'82 and in protective clothing.70'83 Further 
applications of Nafion include design of sensors for oxygen,84'85 hydrogen, water,85 and even 
in a biosensor,86'87 based on the biocompatibility of this polymeric electrolyte. 
2.6 Morphology of Nafion 
The unique properties of hydrated Nafion are related to its complex nanostructure: the 
perfluorinated (CF2CF2),, backbones are hydrophobic, while the absorbed water, mobile 
counter cations, and -SO3" groups are highly hydrophilic. The absorbed water in Nafion is 
the transporting and conductive media, which is clearly affected by the morphological 
features of Nafion: segregation of polymer backbones and clustered sidechains. 
Chemically, Nafion is a random copolymer with hydrophilic and hydrophobic 
components, and physically, the assembling of crystallites and ionic domains is sensitive to 
the processing history and the hydration level. The low crystallinity combined with the 
diffuse and heterogeneous nature of the morphology result in a wide range of domain 
dimensions, which impart some common characteristic features under scattering techniques, 
small-angle X-ray scattering (SAXS), wide-angle X-ray diffraction (WAXD) and small angle 
neutron scattering (SANS),6'88'89 which are the important methods in the morphological 
studies. 
Figure 2.4 shows some features in scattering profile of Nafion: 1) the ionomer peak at 
q = ~ 0.2 Â"1, which is related to ionic clusters; 2) the matrix shoulder, which is related to the 
large dimension of crystals in Nafion; 3) I(q) — 1/q relation at small angle region, which is 
related to the organization of polymer chains in Nafion; 4) WAXD peaks at q = 1.2 Â"1, 
which are the overlap of the crystallite and amorphous matrix scattering, and the larger angle 
scattering at q = 2.75 A"' is related to the repeat distance of CF2 along the backbone chains;90 
5) ultrasmall angle upturn, which is possibly due to the large scale correlations.10'90 The 
scattering vector q is defined as 4%sin(8/2)/X, and X is the wavelength of X-ray. 
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Figure 2.4 Scattering results of water swollen Nafion 117 neutralized with lithium over large 
q-range.90 (Reprinted with permission from Macromolecules. 2004, 37, 5327-5336. Copyright 
2004 American Chemical Society.) 
Since the early 1980s, numerous investigators have attempted to propose a suitable 
morphological model to interpret their experimental studies, describe the molecular and 
supramolecular organization, and thus explain the physical and mechanical properties of 
Nafion. However, there is no universally accepted morphological model of Nafion existed 
now. 
According to the shape of the ionic clusters, these models can be classified in three 
categories. 1) spherical cluster models: cluster-network model,3 modified (depleted-zone) 
core-shell model,8'9 local-order model;10"13 2) layer models: lamellar model,14 sandwich-like 
model;15 3) bundle models: rod-like model,17 fibrillar model.16 Besides the geometry of the 
cluster, spatial distributions of the ionic clusters in polymer matrix are also discussed in these 
models for the interpretation of scattering results. The more widely accepted models are 
those that consider the ionic-group aggregates and their network in the perfluorinated matrix. 
Only these models allow for significant swelling by polar solvents and support efficient ionic 
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transport through these nanometer-scale domains. The PTFE-like crystallite of the backbone 
is often missed in these models,91 or considered separately in order not to complicate the 
interpretation.8'88'92 Thus, a model describes the whole morphological features of Nafion is 
still outstanding and needed to help efforts of modifying Nafion and developing Nafion 
substitutes. 
2.6.1 Morphological models of Nafion 
Gierke et al. proposed the first detailed model of Nafion, the cluster-network or 
cluster-channel model,3,7,91,93 see Figure 2.2. Even though the features of this model are still 
under debate, it is the most widely referenced model. From then on, different models were 
proposed with the focus on the geometry, distribution of the ionic clusters, or the crucial 
ionic channels for the conductivity of Nafion. 
2.6.1.1 Spherical-cluster models 
In the 1970s, there are three major models for the morphology of ionomer: spherical 
clusters on a paracrystalline lattice,94 a lamellar model,95 and a shell-core model.96 After 
considering these three models and their X-ray data, Gierke and cowrkers proposed that the 
ionic clusters in Nafion were approximately inverted micellar spheres and interconnected by 
narrow channels. They described this morphology of water-swollen Nafion to accommodate 
the high ionic permselectivity of Nafion membranes.3'93 In their WAXD and SAXS 
experiments, they observed bands corresponding to periods of 5 Â and 170 Â that they 
assigned to crystalline structures because these features disappeared at high temperatures 
above 270 °C due to the assumed melting of crystallites. Besides the existence of these two 
maxima, a strong scattering maximum corresponding to 30-50 Â was observed in the acid 
form, which was assigned to the clusters of ionic sidechains.91 The dimensional parameters 
of this model were derived from two basic assumptions: spherical clusters and simple cubic 
paracrystalline lattice, which had no basis on experimental evidence and are questioned by 
different groups.8,9,88,92 The typical dimensional values, 48 A clusters distance and 43 A 
cluster diameter, are for the acid form Nafion 117 with the hydration level of 24% gain in 
weight per gram dry Nafion, which is about 1200 H^O and 84 charges per cluster.91 
15 
Also, they proposed how the morphology is changed as a function of hydration level. 
With increasing amount of absorbed water, the clusters are expanded and the ionic exchange 
sites are reorganized to form fewer clusters, see Figure 2.5. 
Figure 2.5 Evolution of clusters with increased hydration, according to Gierke, Munn, and 
Wilson.91 (Reprinted with permission from Gierke, T. D.; Hsu, W. S. In Perfluorinated 
Ionomer Membranes', Eisenberg, A.; Yeager, H. L., Eds.; ACS Symposium Series 180, 
American Chemical Society: Washington, DC, 1982; pp 283-310. Copyright 1982 American 
Chemical Society.) 
In their interpretation, the expansion of the clusters size with the increasing water 
content is coupled with the continuous reorganization of the ionic sites. As shown in the 
figure, those exchange sites in the central cluster reorganized and participated into their 
neighboring clusters to form a bigger ionic cluster upon hydration. However, the calculated 
large increase of the ionic sites number per cluster upon hydration has been questioned by 
Kumar.97 Also, Roche et al. questioned the assumption of the constant ionic sites during the 
swelling of Nafion.91 The size of the clusters regulated by the equilibrium between the 
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elastic energy of the polymer chains and the interfacial energy was later described in detail 
by Hsu and coauthors.3,93 However, the application of macroscopic concepts to the 50 A 
scale structure has been questioned.98 
Although the authors mentioned that Starkweather's33 work suggested the crystalline 
portion of a pseudohexagonal lattice, their model apparently did not consider the crystal in 
Nafion. The polymer backbone has a diameter of 5 A99 and the extended sidechain has a 
length of 10 A, so the channel in diameter of 10 A is too narrow to hold two polymer chains. 
Also, it is impossible to think of the ~150 A crystallites as illustrated by their SAXS results 
since the average distance between two sidechains along the backbone is only around 20 A. 
At almost the same time, Roche et al. concluded from an isotopic replacement SANS 
study that at lower water content, < 15% by weight, there are at least three phases in Nafion 
(EW = 1200), crystallite, ionic clusters, and an inhomogeneous matrix phase.88,92 From their 
analysis of the zero-order scattering at low q-values, they proposed an inhomogeneous 
distribution of the clusters, contrary to the homogeneous distribution of Gierke'smodel.91 
They also disagreed with the interpretation of the ionomer peak in terms of the interparticle 
scattering, since there is no such interaction to bring about such an ordered distribution of the 
clusters. The ionomer cluster scattering maximum was observed even at low water content, 
which is in contrast to the hard-sphere model scattering prediction of above 30%, so they 
suggested an intraparticle origin of the ionomer peak. They also confirmed that the structure 
of acid and salt form of the membranes is quite similar. Based on a mean-square electron 
density fluctuation analysis, they concluded that a majority of the water molecules were 
phase separated: only a small fraction of the water molecules are dispersed in the CF% matrix 
with some un-clustered sulfonate groups. Later, they provided a detailed analysis of the 
water distribution in clusters and polymer matrix.92 In general, they supported the model that 
hydrated Nafion is a two-phase system at water content of more than 15% by weight, while a 
three-phase system at lower water contents. 
For evaluation of the origin of the ionomer peak, Fujimura et al.8,9 performed detailed 
studies on a series of Nafion membranes, including the carbonate form and other derivatives. 
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They supported Roche's intraparticle scattering model and tried numerical simulations of the 
modified two-phase hard sphere model94 and the depleted core-shell model.96,100 However, 
their result is not conclusive, as neither of the models gave good fits to the scattering 
experimental results. Besides, the two assumptions applied in their model are questionable 
as in Gierke's model: uniformly distributed clusters and a homogeneous polymer matrix. 
Additionally, redistribution of clusters was not considered in their model. Based on a 
comparison of the SAXS profiles of Nafion along with axial stretching, they proposed the 
possible existence of lamellar structures of Nafion crystallites.9 
Kumar et al.97 suggested a model with hard spheres monodispersed in the polymer 
matrix. Even though the models are based on noninteracting hard spheres, they implicitly 
included the interaction by assuming that the distance between clusters is the same as the 
diameter of a cluster. They simulated the position and intensity of the SAXS peak and 
compared with the experimental data. They pointed out that the low angle intensity upturn 
may come from a term missed in the theoretical analysis of X-ray scattering rather than from 
large-scale structure. Based on their simulations, they concluded that the number of ions in 
the clusters varies with the hydration level, as does the number of clusters in Nafion. 
However, their prediction on the variation of the number of ions in a cluster is less than that 
obtained by Gierke's cluster model and therefore less reorganization is needed for the 
clusters with hydration. Due to the change of the cluster number in the sample, the clusters 
spacing cannot be derived simply from the Bragg equation, and also the distance cannot 
simply be taken as the microscopic degree of swelling. 
Dreyfus et al. advanced the hard sphere models by considering the interparticle 
scattering from the clusters with local order.12 They fitted the experimental SANS data with 
locally ordered spherical hydrated clusters: 4 nearest tetrahedral neighbors in a matrix of 
randomly distributed other clusters. However, their cluster distance, 4 nm, is in question 
since it is just the diameter of a cluster. The homogeneous distribution of clusters and the 
attractive potential for local order are also in question. With the aid of the Debye-Bueche 
model for large scale fluctuations, Gebel and Lambard10 verified that the local-order model 
provided a better fit to SAXS and SANS profiles of the hydrated Nafion than those of the 
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depleted-zone core-shell and modified hard sphere models over the range of scattering 
vectors between 0.3 and 2.0 nm"1. 
Based on their SAXS studies of water-swollen Nafion in acid and various cation 
forms, Elliott et al.101 concluded that different cations do not affect the hydrated morphology. 
Furthermore, they noted that the cluster peak position (d) was neither directly proportional to 
the water volume fraction nor proportional to the cubic root of this quantity, which is in 
contradiction to the lamellar morphology102 and other models based on hard sphere clusters.97 
Using the maximum entropy (MaxEnt) method, Elliott et al.103 proposed a self-consistent 
morphological paradigm for Nafion. They concluded that the most statistically probable 
scattering model for Nafion is of an ion clustered morphology with a hierarchical scale of 
structures.103 With an increase in water uptake, the average cluster separation increases 
while the cluster number decreases. The distribution of clusters was not uniform, suggesting 
an agglomeration or clustering of clusters.103 The small-angle upturn was concluded to be 
produced by the independent scattering from cluster agglomerates caused by ionic 
aggregation. 
2.6.1.2 Lamellar models 
Litt14 reevaluated the Nafion hydration and SAXS ionomer peak data in Gierke's 
work91 and proposed a lamellar model, as schemed in Figure 2.6. In this model, the ionic 
hydrophilic "micelle" layers are separated by thin, lamellar PTFE-like crystallites. The 
spacing between ionic domains increases proportionally to the volume fraction of water in 
the polymer and the swelling behavior is completely reversible without morphological 
reorganization. The evidences supporting this model include the above mentioned linear 
dependence of the ionic domain spacing on the water volume fraction and the modulus drop 
with the swelling of the membrane. This model certainly missed something, like the long 
range order of the crystallites, which was observed in SAXS and SANS experiments. Also, 
the dissimilar shifts of the ionomer peak and the low angle crystalline peak with water 
volume fraction are difficult to explain by this model,11,104 since this lamellar model predicts 
a parallel shift for these two distances. 
Figure 2.6 Lamellar model of Nafion, based on Litt's description14 
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Figure 2.7 Sandwich-like structural element proposed for the morphological organization of 
Nafion.15 (Reprinted from Electrochim. Acta, Vol. 46, H. -G. Haubold, Th. Vad, H. Jungbluth 
and P. Hiller, Nano structure of NAFION: a SAXS study, Page 1559-1563., Copyright (2001), 
with permission from Elsevier.) 
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Young proposed a preferential partitioning of the solvents to resolve this problem,105 
however their proposed amorphous fluorocarbon chains between two layers of crystallites of 
Nafion was questionable.6 Also, for the Nafion-water hydration system, such a partition is 
not reasonable. 
Haubold et al.'5 proposed a sandwich model as a variation of the lamellar model, see 
Figure 2.7. In this model the sidechains including the sulfonate groups are the "shell", and 
the "core" of this sandwich is the solvent, such as water, ethanol. These cores and shells 
were juxtaposed with the contiguous liquid core regions to provide proton conduction 
pathways for the membrane. This sandwich model does not offer explicit information about 
the arrangement of the main chains and the crystallinity. Their randomly distributed particles 
in homogeneous matrix are obviously not supported by Roche and coauthors' 
experiments.88,92 Therefore, their model description is only valid at a local level rather than 
as a complete view of hydrophobic/hydrophilic organization pattern. 
2.6.1.3 Polymer bundle models 
Rollet et al. concluded that the morphology of hydrated Nafion is best described as 
polymer aggregates surrounded by water, rather than water in a polymer matrix, based on 
their contrast matching SANS analysis of Nafion membranes neutralized by tetramethyl-
ammonium ions (NCCHs)/, or TMA+).106 However, their limited q-range data cannot give a 
conclusive distinction between spherical and elongated polymer aggregates. Later, Rubatat 
et al.17 produced a wider range experimental scattering curve of Nafion by combining the 
USAXS and SAXS data. The extended small-angle upturn was attributed to long-range 
heterogeneities in electron density, the low angle maximum attributed to supralamellar 
distance of the crystalline domains, and the ionomer peak attributed to intercluster 
interferences. The variation of crystalline dimension size (10 to 100 nm) with different water 
contents is quite surprising if considering the crystallinity of Nafion 117 is only about 10% 
by weight. 
Heijden et al.90 studied the polymer orientation of the drawn Nafion with small and 
wide angle X-ray scattering. Based on the orientation factor, they proposed that the bundles 
21 
of elongated polymeric aggregates orient along with the drawing, together with the 
aggregates orientation in the bundles. 
bundle 
/crystalline 
' region 
A) B) C) D) 
Figure 2.8 Sketch of the fibrillar structure of Nafion along with the drawing.90 (Reprinted 
with permission from Macromolecules. 2004, 37, 5327-5336. Copyright 2004 American 
Chemical Society.) 
As sketched in Figure 2.8, the aggregated polymer chains are in an extended 
conformation and more or less ordered (D), and they are surrounded by their ionic groups 
and the water molecules. These close related aggregates form the bundle with less 
orientational order (A). Under drawing, these bundles start to rotate or change their 
orientation along the draw axis (B), and under high draw ratios, these bundles form a big 
domain with more oriented aggregates. In another work,16 the same group advanced their 
fibrillar model of Nafion by scattering (SAXS, SANS) techniques in Fourier space and AFM, 
TEM techniques in real space, where the latter two compensate the unavoidable dimensional 
size limitation. As they claimed, "the elongated polymeric aggregates present in the Nafion 
suspension are also the basic entity in the Nafion membrane even at low water content". 
Ioselevich et al.47 performed some geometrical analysis on bundles of polymer chains 
in Nafion in order to generate a reasonable model for scattering, swelling, and conductivity 
of the membrane. Based on their geometrical analysis, they suggested bundles of three 
polymer chains with extended sidechains, and cage like ionic clusters with water molecules 
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inside, see Figure 2.9. Obviously, the extended sidechains are not energetically favorable. 
Consider the single chain diameter (0.5 nm), the three-chains bundle would have a diameter 
at the order of 1 nm, so at the vertex the size of 5 or 6 three-chain bundles would be around 
5-6 nm, which is even bigger than the suggested 1-4 nm cage size. Also the polymer bundles 
must pack alternatively to avoid too much free space: some water molecules in the cluster 
would be near the hydrophobic backbone. It is not reasonable for hydrophobic backbones. 
Figure 2.9 Chain bundles and a cage-like ionic cluster47 (Reprinted with permission from J. 
Phys. Chem. B. 2004,108, 11953-11963. Copyright 2004 American Chemical Society.) 
2.6.2 Morphological evolution from dry membrane to solution 
Gebel performed a series of SAXS and SANS studies on swelling membranes and 
solutions of Nafion over a wide range of water contents. Based on energetic considerations 
and scattering results, Gebel proposed a conceptual description for the swelling and 
dissolution process of Nafion, shown schematically in Figure 2.10.104 
According to this evolution, the dry membrane contains isolated, spherical ionic 
clusters, ~ 1.5 nm in diameter, and the intercluster distance is about 2.7 nm. At low levels of 
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Figure 2.10 Conceptual model for the morphological reorganization and continuity of the 
ionic domains in Nafion as the dry membrane is swollen with water to the state of complete 
dissolution.104 (Reprinted from Polymer Vol. 41, G. Gebel, Structural evolution of water 
swollen perfluorosulfonated ionomers from dry membrane to solution, Page 5829-5838, 
Copyright (2000), with permission from Elsevier.) 
hydration, the absorbed water and the ionic groups form inverted-micelle clusters, and the 
spherical shape is a necessity to minimize the interfacial energy. At water volume contents 
between (|>w = 0.3 ~ 0.5, structural reorganization occurs to keep the specific surface area 
constant, which is supported by the asymptotic behavior of the Porod law analysis,107 and the 
onset of percolation due to connecting water cylinders between the swollen, spherical 
clusters. At <j>w values greater than 0.5, an inversion of the structure occurs such that the 
structure resembles a connected network of rods. Finally, as the membrane "dissolves", the 
rod-like structures separate to yield a colloidal dispersion of isolated rods. The phase 
inversion at <|)w around 0.5 was supported by the transition of the microscopic swelling and 
the ionomer peak position as a function of the polymer volume fraction. As pointed later by 
the same group, there is no thermodynamic justification for the phase inversion process with 
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strong polymer matrix reorganization at <t>w = 0.5, but this model offered a plausible 
mechanism for the structural evolution from the isolated clusters in hydrated membranes to 
rod-like structures in solution. Moreover, the gradual change of the scattering profiles near 
this phase inversion point is difficult to rationalize, since the profile would be expected to 
exhibit pronounced change.16 
2.6.3 Summary of Nafion models 
Although different models of Nafion have been proposed based on experimental and 
simulation data, there are still debates on the morphological features at different levels. 
Overall, these models have attempted more or less a global description of the molecular 
organization in the ionomer, but they normally missed some important structural aspects. 
The cluster models missed the description of the crystalline component of Nafion, 
which was observed in their experiments but intentionally not included in the model to avoid 
complicity of the model.9,88,91 Litt's lamellar models is obviously not suitable for a complete 
view of Nafion; even his only solid evidence, the linearity between the ionomer peak Bragg 
spacing distance and the water volume fraction, was disputed by more detailed swelling 
study.104,105 The bundle models have difficulty to verify the claimed morphology of dry 
Nafion or at low hydration level, which is assumed to consist of water-in-polymer micelles.16 
In spite of their difference in quantitative and/or qualitative detail, these models may 
be reconciled at a certain level. For example, the relatively new rod-like model has been 
recently modified to include the possibility of ribbon-like aggregates that may assemble 
locally,17 at low water contents, in a lamellar fashion. By narrowing the perspective to a 
limited range of water contents, the rod-like and lamellar models are in agreement. In a 
similar fashion, the excellent mechanical integrity of swollen Nafion membranes may be 
attributed to entanglements of the proposed elongated polymeric aggregates in the solid state. 
At these entanglement or crossover points, local nodes may exist104 such that, at moderate 
water contents, the swollen nodes may appear as isolated clusters. This perspective 
reconciles the rod-like and cluster-network models. 
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The morphological information and interpretations currently reported for Nafion still 
support the concept of a connected network of ionic domains through which polar solvents 
and ionic species permeate. The principal focus of these important investigations continues 
to be an understanding of the structure of the ionic domains, such as the size, shape, and 
spatial distributions of the clusters. One consensus is that the ionic domains in hydrated 
Nafion possess some degree of anisotropy in shape and heterogeneity in their spatial 
distribution. In contrast to a regularly ordered morphology, this general conception of a more 
irregular, heterogeneous structure is consistent with the random chemical structure of Nafion. 
The nature of the crystalline component in Nafion has received much less attention 
than that of the ionic domains. Since the initial studies of Nafion morphology, the crystalline 
component has been recognized as an important structural feature and often considered as a 
necessary component that provides mechanical integrity and a barrier to solvent swelling. In 
current models, however, the crystallites may be considered to exist within elongated 
polymeric aggregates or as critical structures that impose the organization of the ionic 
domains. In the rod-like models, the crystallites may play a minor role to that of entangle­
ments in affecting the mechanical behavior of the swollen membranes. On the other hand, the 
lamellar model suggests that the crystallites are the principal factor in limiting ionic domain 
swelling. Clearly, further work is required to resolve this important issue. 
2.6.4 Crystallites of Nafion 
Relative long sequences of (CFz)n in Nafion have the potential to crystallize, but the 
crystallinity and the crystal unit-cell parameters are still a matter of debate. The 
crystallization and crystallinity of Nafion are believed to be influenced by the production and 
processing history, extrusion and hydration. Two different modes of chain packing of 
crystallite in Nafion have been proposed, one with PTFE-like hexagonal packing and the 
other with PE-like orthorhombic packing. 
The crystallinity of Nafion is not well established due to so many influencing effects, 
and probably varies between samples. The early study of Nafion (EW = 1365) by Yeo et al. 
did not report the existence of crystallite.32 Gierke et al. reported that the precursors have 
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crystallinities ranges from 0% to 40% for Nafion with EW values ranging from 940 to 1800, 
but the authors did not quantify the values.91 Also, they reported the crystallinity decreases 
upon hydration of the precursors, which was confirmed later by Elliott and coworkers.108 
The SAXS study by Roche et al. gave 15-20% crystallinity of Nafion (EW = 1200) without 
detailed data analysis and crystalline regions of several hundred Angstroms were observed by 
electron microscopy.88 Fujimura et al. compared the crystallinity of different derivatives of 
Nafion (EW = 1100), and concluded that the crystallinity of -SC^Gl(O.23), -CÛ2H(0.18), or 
COzNa(0.14) form is higher than that of -SC^H(O.l2) form.9 Their results are based on the 
deconvolution of the broad WAXD peak into a narrow crystalline component and a broad 
amorphous component. This assumption is supported by the disappearance of the narrow 
peak and enhancement of the broad peak above 275 °C.9'91 In a similar analysis on the 
SAXS experiments, Elliott et al. observed the crystallinity reduction from 14±1% to 7±1% 
during the hydrolysis of the Nafion (EW = 1100) precursor.108 An IR study of Nafion 112 
and 117 claimed the crystallinity of about 25%, but the analysis was difficult to verify.109 
Recently, with the consideration of crystalline anisotropy, Heijden et al. provided a 
crystallinity of 19.3±1.7% for Nafion 117.90 
Information on the size of the crystals has been gleaned from small-angle scattering. 
Based on SAXS data of the precursor, Gierke et al. reported an 80-180 Â repeat distance in 
the crystalline region, however they were not certain about this result.91 In the acid form, 
their SAXS spectra also presented such a feature although the scattering intensity was low.91 
Roche et al. confirmed the existence of this large crystal by their SANS scattering maximum 
corresponding to 180 Â and the electron microscope observation.88 They suggested such a 
long distance periodicity may come from a nonrandom distribution of the monomer sequence 
or from some of the sidechains being ordered and included in the crystalline region.88 
Starkweather first proposed a hexagonal unit cell with a = 5.8 A and c = 2.6 A 
derived from SAXS spectra of an oriented Nafion precursor fiber at dry and hydrolysis 
conditions. His results on precursor and acid form Nafion were quite similar. He also 
derived a smaller crystal size of ~ 40 À perpendicular to the chain axis, which has a repeat 
distance of about 44 Â.33 After hydrolysis, the crystal is less oriented and the size is smaller 
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or less perfect. It was proposed that the polymer chain takes a planar zig-zag conformation 
with the sidegroups extending on both sides into the ionic domains to form such a crystal. 
Ludvigsson110 and Porat111 studied the recast or deposited Nafion film from solution (EW = 
1100). They both observed a polyethylene-like orthorhombic unit cell presumably with a 
planar zig-zag polymer backbone, while they proposed different parameters, a = 6.64 Â and 
b = 5.44 Â (Ludvigsson); a = 7.49 Â and b = 5.02 Â (Porat). Heijden et al.90 pointed that 
their unit cells parameters gave an unreasonable higher density above 3.3 g/cm3, which is 
much higher than the 2.1 g/cm3 for Nafion. In their study, Heijden et al. proposed an 
orthorhombic unit cell parameters with a = 9.9 A, b = 5.6 À, and c = 2.8 Â, with calculated 
density of 2.1 g/cm3. They also preferred a planar zig-zag polymer backbone chain. 
2.6.5 Microscopic studies of Nafion 
Scattering methods, SAXS, SANS, or WAXD, are the most useful techniques for 
elucidating the materials nature, while microscopy methods, such as transmission electron 
microscopy (TEM), or atomic force microscopy (AFM), have the advantage of direct 
visualization of the size, shape, and geometrical distribution of ionic clusters, crystallites, and 
continuous perfluorinated matrix. The interpretations of scattering results often need an 
assumption of a simple particular model, while the microscopy methods have the 
imperfection from limited resolution, sample thickness, insufficient electron contrast and 
other defects.6 The contrast of Nafion images is often enhanced by neutralization of heavy 
metallic ions, which are believed to aggregate in the clusters. Therefore, microscopy images 
are much more sensitive to the clusters than to the polymer matrix. In case of solution-cast 
Nafion film, these techniques selectively observe the clusters, since these recast film are 
amorphous as pointed out by Moore and coauthors.29,30 
Ceynowa found uniformly distributed "points", 3-6 nm of diameter and considered 
these as ion clusters, in their electron microscopic studies of 60-80 nm thick microtomed 
Nafion 125 membranes in Pb2+ form.112 Fujimura et al. found isolated particles of a few 
nanometers diameter on average in their TEM investigations of thin sections of 1100 EW 
Nafion in the cesium ion form,8 although they did not mention explicitly whether their 
samples were sectioned or solution cast film. Xue et al. claimed the first observation of the 
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three phases of Nafion via TEM."3 They stained the solution-cast Nafion 117 films at the 
thicknesses of 50-100 nm by R.UO4 for TEM observation. The spherical clusters, in the 
diameter range of 25-50 Â, were surrounded by interfaces and uniformly dispersed 
throughout an organic matrix across the viewed field."3 Rieberer et al. investigated the 
unstained microtomed Nafion 117 samples in K+ and Cs+ form using TEM.114 The solution 
cast Cs+ form showed that the average cluster size was around the value of the intercluster 
Bragg spacing that was derived from SAXS studies. They claimed that the bright regions, 
due to phase contrast fringes, were nonionic channel areas, which were in contrast to 
Gierke's research,7'91 representing a third phase of the system and the microtomed samples 
showed the same features as those solution-cast samples, in contrast to Moore's research.29 
Lehmani et al. studied the surface morphology of dry and hydrated acid form Nafion 
membranes using atomic force microscopy (AFM) in tapping mode.115 They found quite 
large, ~ 45-nm diameter, "supemodular aggregates" of spherical domains in the "cleaned" 
samples that were dried under vacuum at 80 °C. This is an order of magnitude bigger than 
the Bragg spacing derived from the SAXS profiles of these materials. However, this 
structure may not be representative of the membrane interior morphology since the surfaces 
probed here were the actual membrane surfaces rather than fresh surfaces of a film cross-
section that was produced by cutting or freeze fracture. A section analysis, which consisted 
of a plot of image contrast intensity versus distance, indicated that there is a mean periodicity 
of around 49 Â, which is close to the values of the SAXS Bragg spacing usually associated 
with intercluster distances. This, as well as other microscopic studies, favored the phase-
separation model rather the core-shell model as applied to the interpretation of scattering data. 
The hydrated sample in the studies was prepared by placing a drop of water on the Nafion 
film, and the AFM apparatus was kept in a constant humidity chamber. The supemodular 
structure was preserved and the surface was less rough than that of the dry sample. 
2.6.6 Spectroscopic studies of Nafion 
In contrast to microscopic and scattering techniques that are used to elucidate long-
range structure, spectroscopic methods are good at probing the short-range structure such as 
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ions on the sidechains and their counterions, side and backbone chain conformations and 
their conformational dynamics responding to the external influences, and the important and 
fundamental motions of water molecules, which are responsible for the conduction and 
transport properties of Nafion. 
In an early study, Mauritz et al. investigated anion-cation interactions within Nafion 
sulfonate membranes versus degree of hydration using attenuated total reflectance (ATR) 
FTIR and 23Na solid-state NMR spectroscopies.116"118 They developed a statistical 
mechanical, water-content and cation-dependent model for the counterion dissociation 
equilibrium as schemed in Figure 2.11. 
Figure 2.11 Four state model of the hydration-mediated counterion-sidechain association-
dissociation equilibrium.116 (Reprinted with permission from Komoroski, R. A.; Mauritz, K. 
A. In Perfluorinated Ionomer Membranes', Eisenberg, A.; Yeager, H.L., Eds.; ACS 
Symposium Series 180, American Chemical Society: Washington, DC, 1982; pp 113-138. 
Copyright 1982 American Chemical Society.) 
The molecular mobility of water in Nafion was investigated using *H NMR 
spectroscopy by Starkweather and Chang,119 Boyle et al.,25 and Bunce et al..120 The overall 
conclusion of these studies was that water in Nafion possessed less mobility than that of 
liquid water and that there were cooperative motions among the molecules and strong 
interactions with the ion exchange groups. Sivashinsky and Tanny's *H NMR study of water 
in Nafion 125 pointed out121 that the correlation time, tc = 1.7 x 10"9 s, was 2 orders of 
magnitude longer than that for supercooled water, but 4 orders of magnitude shorter than that 
for ice at the same temperature. This implies that the structure of water that is mobile at ~ 
250 K is more akin to that of a supercooled liquid. Boyle et al.'s 19F NMR investigations26 
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showed that the backbone motions are considerably constrained by ion clustering, and the 
water acts as a plasticizer, which weakens electrostatic interactions in the clusters. The 
backbones in higher-EW samples showed greater motions than those in lower-EW samples 
due to the lower content of ionic clusters. Starkweather and Chang referred the transition at 
~ 250 K to a "glass transition of the aqueous domains" based on dynamic mechanical and 
dielectric relaxation experiments, as well as proton NMR spectroscopy.119 Later, Pineri et al. 
concluded this as the glass transition of the ionic phase based on their DSC, NMR, ESR, 
DMA, and water sorption isotherm experiments on the acid form Nafion 120.122 Yoshida 
and Miura123 classified the incorporated water molecules into three categories: nonfreezing, 
freezing bound, and free water. However, it is difficult to differentiate the free water from 
nonfreezing water. MacMillan et al. studied the dynamics of water molecules in Nafion 117 
using !H, 2H, and l9F NMR spectroscopy.28 19F T\ and 72 values indicate that the polymer 
relaxation is unaffected by the presence or absence of water, which differs from the NMR 
results of Boyle et al.26 However, none of these papers provided spectra, which makes it 
more difficult to double-check their interpretation. 
More recently, Jones et al. performed fundamental solid-state NMR studies of acid 
form Nafion (EW = 1 100).124,125 Static (nonspinning) l9F studies indicated the location of 
molecular penetrants within the nanophase-separated morphology based on the assumption 
that the sidechains form a distinct domain separated from a distinct domain consisting of the 
perfluorinated polymer backbones. The spin diffusion results indicated that domains in dry 
and solvent-swollen samples are in the nanometer range, which is in harmony with the 
structural view from SAXS experiments on the same material. The spin diffusion results 
support the idea that the sidechain phase is continuous with little tortuosity, which accounts 
for the rapid long-range transport of water and small alcohols. 129Xe gas, under pressure, was 
used by them as a probe of morphology based on the fact that its spectrum is sensitive to 
local molecular environment. 
2.6.7 Molecular simulation of Nafion 
Besides experiments and their analysis, molecular simulations are also helpful for 
illustrating the complex structure of Nafion. These simulations aim at two levels: the 
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morphological level for explaining the conduction and transport properties of Nafion; and the 
molecular level for illustrating the formation of these morphological features, the conducting 
and transport channels in Nafion. 
Hsu et al. used a simple lattice grid to address the percolation aspect of hydrated 
clusters in relation to insulator-to-conductor transitions.54 As the concentration of clusters in 
the grid increases, the clusters size will grow and become gradually interconnected to form 
channels for conduction and transport. Eventually, when a percolation threshold volume 
fraction, C0, is reached, the pathways will span the macroscopic dimensions of the grid, so 
long-range ionic conduction is possible in the lattice. 
Paddison et al. performed fundamental quantum mechanical calculations and aimed at 
defining the sidechain conformation.126 Their calculations determined that the ether group 
was stiff and hydrophobic, but the SO3" group was strongly hydrophilic and flexible around 
the C-S bond. This means that the water molecules are near the end of the sidechain but not 
the branch points near the backbones. However, the conclusion of ether group 
hydrophobicity is in contrast to the FTIR spectroscopic evidence of Lowry and Mauritz117 as 
well as that of Moore et al.'27 Niemark et al. investigated solvation and transport in Nafion 
using molecular simulations'28 and stated that a continuous hydrophilic phase may not be 
necessary for explain the experimentally observed water diffusion coefficients. 
Recently, William A. Goddard's group129 investigated the monomeric sequence effect 
of Nafion chains on the nanophase-segregation and transport in hydrated Nafion systems 
with 20 wt% of water content, 15 water molecules per sulfonate group, at 300 and 353.15 K 
using atomistic MD simulations. Both the blocky and dispersed monomer sequence showed 
phase separation. The sulfonate groups in the dispersed case are only slightly more dispersed 
and slightly more solvated by water than in the blocky case, which is surprising. The 
calculated structure factor shows that the blocky sequence has better phase segregation than 
the dispersed case. They concluded a heterogeneous interface structure, consisting of 
hydrophobic and hydrophilic patches, with a better segregation of the blocky monomer 
sequence. Water transport was also related to the structural differences caused by the 
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monomelic sequence: the water molecules in the blocky structure showed faster diffusion 
than for the dispersed sequence 
2.7 Conclusions 
The great interest in Nafion in recent years has been driven by its application as a 
proton conducting membrane in fuel cells. Although a lot of efforts have been made to 
understand the structure-properties relation of Nafion, it is widely accepted that more work 
needs be done before a universal model of this perfluorinated ionomer can be obtained. 
All the models, either through long-range structure by SAXS and SANS methods or 
short-range structure by FTIR or NMR, accept as one principle that the morphology of 
Nafion is quite complex and at least a three-phase structure. The hydrophilic clusters in a 
hydrophobic matrix and the semicrystalline perfluorocarbon phase have at least short-range 
organization. Hydrophilic-hydrophobic interfaces are not discrete phase discontinuities, but 
somehow "rough" or "fuzzy". Water in sufficiently hydrated samples is an extended phase, 
and the clusters can be anisotropic and are contiguous to form percolation pathways. 
References 
(1) Heitner, W. C. J. Membr. Sci. 1996,120, 1-33. 
(2) Scheirs, J. In Modern Fluoropolymers; Scheirs, J., Ed.; John Wiley & Sons, Inc.: 
New York, NY, 1997; p 15. 
(3) Hsu, W. Y.; Gierke, T. D. J. Membr. Sci. 1983,13, 307-326. 
(4) Doyle, M.; Rajendran, G. In Handbook of Fuel Cells-Fundamentals, Technology, and 
Applications; Gasteiger, H. A., Ed.; John Wiley & Sons: New York, 2003; Vol. 3. 
(5) Yeo, R. S.; McBreen, J.; Kissel, G.; Kulesa, F.; Srinivasan, S. J. Appl. Electrochem. 
1980, 10, 741. 
(6) Mautriz, K. A.; Moore, R. B. Chem. Rev. 2004,104, 4535-4586. 
(7) Gierke, T. D.; Hsu, W. S. In Perfluorinated Ionomer Membranes, ACS Symp. Ser.\ 
Yeager, H. L., Ed.; American Chemical Society: Washington D C., 1982; Vol. 180. 
(8) Fujimura, M.; Hashimoto, T.; Kawai, H. Macromolecules 1982,15, 136-144. 
(9) Fujimura, M.; Hashimoto, T.; Kawai, H. Macromolecules 1981,14, 1309-1315. 
(10) Gebel, G.; Lambard, J. Macromolecules 1997, 30, 7914-7920. 
(11) Gebel, G.; Moore, R. B. Macromolecules 2000, 33, 4850-4855. 
(12) Dreyfus, B.; Gebel, G.; Aldebert, P.; Pineri, M.; Escoubes, M.; Thomas, M. J. Phys. 
France 1990, 51, 1341-1354. 
33 
(13) Rollet, A.-L.; Gebel, G.; Simonin, J.-P.; Turq, P. J. Polym. Sci. Part B: Polym. Phys. 
2001, 39, 548-558. 
(14) Litt, M. H. Polym. Prep. 1997, 38, 80-81. 
(15) Haubold, H.-G.; Vad, T.; Jungbluth, H.; Hiller, P. Electrochim. Acta 2001, 46, 1559-
1563. 
(16) Rubatat, L.; Gebel, G.; Diat, O. Macromolecules 2004, 37, 7772-7783. 
(17) Rubatat, L.; Rollet, A.-L.; Gebel, G.; Diat, O. Macromolecules 2002, 35, 4050-4055. 
(18) Souzy, R.; Ameduri, B. Prog. Polym. Sci. 2005, 30, 644-687. 
(19) Kirsh, Y. E.; Smirnov, S. A.; Popkov, Y. M.; Timashev, S. F. Russ. Chem. Rev. 
1990, 59, 970-994. 
(20) Ukihashi, H.; Yamabe, M.; Miyake, H. Prog. Polym. Sci. 1986,12, 229-270. 
(21) Perusich, S. A. Macromolecules 2000, 33, 3431-3440. 
(22) Aldebert, P.; Dreyfus, B.; Pineri, M. Macromolecules 1986,19, 2651-2653. 
(23) Dennis, E. C.; Robert, D. L.; Timothy, J. H.; Paul, C. T.; Monica, E. T. J. Power 
Sour. 2004,131, 41-48. 
(24) Rieke, P. C.; Vanderborgh, N. E. J. Membr. Sci. 1987, 32, 313. 
(25) Boyle, N. G.; McBrierty, V. J.; Douglass, D. C. Macromolecules 1983,16, 75-80. 
(26) Boyle, N. G.; McBrierty, V. J.; Eisenberg, A. Macromolecules 1983,16, 80-84. 
(27) Martin, C. R.; Rhoades, T. A.; Ferguson, J. A. Anal. Chem. 1982, 54, 1639-1641. 
(28) MacMillan, B.; Sharp, A. R.; Armstrong, R. L. Polymer 1999, 40, 2471-2480. 
(29) Moore, R. B.; Martin, C. R. Macromolecules 1988, 21, 1334-1339. 
(30) Moore, R. B.; Martin, C. R. Anal. Chem. 1986, 58, 2569-2670. 
(31) Almeida, S. H. d.; Kawano, Y. J. Therm. Anal. Calorim. 1999, 58, 569-577. 
(32) Swee, C. Y.; Eisenberg, A. J. Appl. Polym. Sci. 1977, 21, 875-898. 
(33) Starkweather, H. W., Jr. Macromolecules 1982,15, 320-323. 
(34) Stefanithis, I. D.; Mauritz, K. A. Macromolecules 1990, 23, 2397-2402. 
(35) Page, K. A.; Cable, K. M.; Moore, R. B. Macromolecules 2005, 38, 6472-6484. 
(36) Alizadeh, A.; Richardson, L.; Xu, J.; McCartney, S.; Marand, H.; Cheung, Y. W.; 
Chum, S. Macromolecules 1999, 32, 6221-6235. 
(37) Kohzaki, M.; Tsujita, Y.; Takizawa, A.; Kinoshita, T. J. Appl. Polym. Sci. 1987, 33, 
2393-2402. 
(38) Nichols, M. E.; Robertson, R. E. J. Polym. Sci. Part B: Polym. Phys. 1992, 30, 755-
768. 
(39) Lemstra, P. J.; Kooistra, T.; Challa, G. J. Polym. Sci., PartA-2: Polym. Phys., 10, 
823-833. 
(40) Tsujita, Y.; Shibayama, K.; Takizawa, A.; Kinoshita, T.; Uematsu, I. J. Appl. Polym. 
Sci. 1987, 33, 1307-1314. 
(41) Cheng, S. Z. D.; Cao, M.-Y.; Wunderlich, B. Macromolecules 1986,19, 1868-1876. 
(42) Kyu, T.; Eisenberg, A. In Perfluorinated Ionomer Membranes, ACS Symp. Ser.; 
Yeager, H. L., Ed.; American Chemical Society: Washington D.C., 1982; Vol. 180, 
pp 79-110. 
(43) Cable, K. M.; University of Southern Mississippi, 1996. 
(44) Moore, R. B.; Cable, K. M.; Croley, T. L. J. Membr. Sci. 1992, 75, 7-14. 
(45) Landis, F. A.; Moore, R. B.; Page, K. A.; H an, C. C. Polym. Mater. Scien. Eng. 2002, 
87, 121. 
34 
(46) Page, K. A.; Moore, R. B. Polym. Prep. 2003, 44, 1144. 
(47) Ioselevich, A. S.; Kornyshev, A. A.; Steinke, J. H. G. J. Phys. Chem. B 2004,108, 
11953-11963. 
(48) Yeo, R. S. J. Appl. Polym. Sci. 1986, 32, 5733-5741. 
(49) Yeo, R. S. Polymer 1980, 21, 432. 
(50) Gebel, G.; Aldebert, P.; Pineri, M. Polymer 1993, 34, 333. 
(51) Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.; Smith, V. T.; 
Springer, T. E.; S., G. J. Electrochem. Soc. 1993, 140, 1041. 
(52) McLean, R. S.; Doyle, M.; Saner, B. B. Macromolecules 2000, 33, 6541-6550. 
(53) Hinatsu, J. T.; Mizuhata, M.; Takehara, H. J. Electrochem. Soc. 1994,141, 1493. 
(54) Hsu, W. Y.; Barkley, J. R.; Meakin, P. Macromolecules 1980,13, 198-200. 
(55) Gottefeld, S.; Zawodsinski, T. A. In Advances in Electrochemical Science and 
Engineering-, Tobias, C. W., Ed.; Wiley-VCH: Winheim, Germany, 1997; pp 195-301. 
(56) Michael, A. H.; Hossein, G.; Yu, S. K.; Brain, R. E.; James, E. M. Chem. Rev. 2004, 
104, 4587-4612. 
(57) Costamagna, P.; Srinivasan, S. J. Power Sour. 2001,102, 253-269. 
(58) Brad, A. J. Ber. Bunsenges. Phys. Chem. 1988, 92, 1187. 
(59) Ando, Y.; Tanaka, T. Int. J. Hydrogen Energy 2004, 29, 1349-1354. 
(60) Kuwabata, S.; Mitsui, K.; Yoneyama, H. J. Electrochem. Soc. 1992,139, 1824. 
(61) Shabrang, M.; Murray, D. P. Mater. Res. Soc. Symp. Proc. 1991, 210, 43. 
(62) Pennisi, A.; Simone, F. Appl. Phys. 1993, A57, 13. 
(63) Hu, W.; Adachi, K.; Matsumoto, H.; Tanioka, A. J. Chem. Soc., Faraday Trans. 
1998, 94, 665-671. 
(64) Hu, W.; Tanioka, A. J. Colloid Interface Sci. 1999, 212, 135-143. 
(65) Jiang, J. S.; Greenberg, D. B.; Fried, J. R. J. Membr. Sci. 1997,132, 255-262. 
(66) Sportsman, K. S.; Way, J. D.; Chen, W. J.; Pez, G. P.; Laciad, D. V. J. Membr. Sci. 
2002, 203, 155-166. 
(67) Vanzyl, A. J.; Linkov, V. M.; Bobrova, L. P.; Timofeev, S. V. J. Mater. Sci. Lett. 
1996,15, 1454. 
(68) Yamaguchi, T.; Ko val, C. A.; Noble, R. D.; Bowman, C. N. Chem. Eng. Sci. 1996, 
5/, 4781-4789. 
(69) Linkous, C. A.; Anderson, H. R.; Kopitzke, R. W.; Nelson, G. L. Int. J. Hydrogen 
Energy 1998, 23, 523-529. 
(70) Okada, T.; Satou, H.; Yuasa, M. Langmuir 2003,19, 2325-2332. 
(71) Ota, K.; Minoshima, H. Electrochemistry 2003, 71, 274. 
(72) Takenaka, H.; Toriaki, E.; Kawami, Y.; Wakabayashi, N. Int. J. Hydrogen Energy 
1982, 7, 397-403. 
(73) Ogumi, Z.; Inaba, M.; Ohashi, S. I.; Ushida, M.; Takehara, Z. I. Electrochim. Acta 
1988, 33, 365-369. 
(74) Thursfield, A.; Brosda, S.; Pliangos, C.; Schober, T. C.; Vayenas, G. Electrochim. 
Acta 2003, 48, 3779-3788. 
(75) Madden, T. H.; Stuve, E. M. J. Electrochem. Soc. 2003,150, E571. 
(76) Zolfigol, M. A.; Mohammadpoor-Baltork, I.; Habibi, D.; Mirjalili, B. F.; Bamoniri, 
A. Tetrahedron Lett. 2003, 44, 8165-8167. 
(77) Wabnitz, T. C.; Yu, J. Q.; Spencer, J. B. Synlett 2003, 1070. 
35 
(78) Bryant, D. E.; Kilner, A. J. Mol. Catal. A: Chem 2003,193, 83-88. 
(79) Gronowski, A. A.; Yeager, H. L. J. Electrochem. Soc. 1991,138, 2690. 
(80) Yeager, H. L.; Malinsky, J. D. ACS Symp. Ser. 1986, 302, 144. 
(81) Hong, L.; Zhou, Y. J.; Chen, N. P.; Li, K. J. J. Colloid Interface Sci. 1999, 218, 233. 
(82) Rollins, H. W.; Lin, F.; Johnson, J.; Ma, J.-J.; Liu, J.-T.; Tu, M.-H.; DesMarteau, 
D. D.; Sun, Y.-P. Langmuir 2000,16, 8031-8036. 
(83) Fekete, Z. A.; Wilusz, E.; Karasz, F. E. Abstr. Pap. Am. Chem. Soc. 2002, 224, 213. 
(84) Kuwabata, S.; Miuria, N.; Yamazoe, N. Chem. Lett. 1988, 1197. 
(85) Morris, D. R.; Sun, X.; Yang, L. In Polymelectrolyte Gels, Properties, Preparation, 
Applications, ACS Symp. Ser. 480; Prudhomme, R. K., Ed.; American Chemical 
Society: Washington D.C., 1992. 
(86) Fan, Z.; Harrison, D. J. Anal. Chem. 1992, 64, 1304-1311. 
(87) Rishpon, J.; Gottesfeld, S.; Campell, C.; Darvey, J.; T. A. Zowadzinshi, J. 
Electroanalysis 1994, 6, 17. 
(88) Roche, E. J.; Pineri, M.; Duplessix, R.; Levelut, A. M. J. Polym. Sci.: Polym. Phys. 
Ed. 1981,19, 1-11. 
(89) Gebel, G.; Diat, O. Fuel Cells 2002, 5, 261-276. 
(90) Heijden, P. C. v. d.; Rubatat, L.; Diat, O. Macromolecules 2004, 37, 5327-5336. 
(91) Gierke, T. D.; Munn, G. E.; Wilson, F. C. J. Polym. Sci.: Polym. Phys. Ed. 1981,19, 
1687-1704. 
(92) Roche, E. J.; Pineri, M.; Duplessix, R.; Levelut, A. M. J. Polym. Sci.: Polym. Phys. 
Ed. 1982, 20, 107-116. 
(93) Hsu, W. Y.; Gierke, T. D. Macromolecules 1982, 15, 101-105. 
(94) Marx, C. L.; Caulfield, D. F.; Cooper, S. L. Macromolecules 1973, 6, 344-353. 
(95) Roche, E. J.; Stein, R. S.; Russell, T. P.; MacKnight, W. J. J. Polym. Sci. : Polym. 
Phys. Ed. 1980,18, 1497-1512. 
(96) MacKnight, W. J.; Taggart, W. P.; Stein, R. S. J. Polym. Sci. : Polym. Symp. 1974, 
15, 113. 
(97) Kumar, S.; Pineri, M. J. Polym. Sci. Part B: Polym. Phys. 1986, 24, 1767-1782. 
(98) Mauritz, K. A.; Rogers, C. E. Macromolecules 1985,18, 483-491. 
(99) DAmore, M.; Auriemma, F.; Rosa, C. D.; Barone, V. Macromolecules 2004, 37, 
9473-9480. 
(100) Kao, J.; Stein, R. S.; MacKnight, W. J.; Taggart, W. P.; G. S. Cargill, I. 
Macromolecules 1975, 7, 95-100. 
(101) Elliot, J. A.; Hanna, S.; Elliot, A. M. S.; Cooley, G. E. Polymer 2001, 42, 2251-2253. 
(102) Litt, M. H. Polymer Preprint 1997, 38, 80-81. 
(103) Elliot, J. A.; Hanna, S.; Elliot, A. M. S.; Cooley, G. E. Macromolecules 2000, 33, 
4161-4174. 
(104) Gebel, G. Polymer 2000, 41, 5829-5838. 
(105) Young, S. K.; Trevino, S. F.; Tan, N. C. B. J. Polym. Sci. Part B: Polym. Phys. 2002, 
40, 387-400. 
(106) Rollet, A.-L.; Diat, O.; Gebel, G. J. Phys. Chem. B 2002, 21, 3033-3036. 
(107) Porod, G. Small-angle X-ray scattering-, Academic Press: London, 1982. 
(108) Elliot, J. A.; James, P. J.; McMaster, T. J.; Newton, J. M.; Elliot, A. M. S.; Hanna, 
S.; Miles, M. J. e-Polymer 2001, 022, http://www.e-polvmers.org. 
36 
109) Gruger, A.; André, R.; Schmatko, T.; Colomban, P. Vib. Spectrosc. 2001, 26, 215-
225. 
110) Ludvigsson, M.; Lindgren, J.; Tegenfeldt, J. J. Electrochem. Soc. 2000,147, 1303-
1305. 
111) Porat, Z. e.; Fryer, J. R.; Huxham, M.; Rubinstein, I. J. Phys. Chem. 1995, 99, 4667-
4671. 
112) Ceynowa, J. Polymer 1978,19, 73-76. 
113) Xue, T.; Trent, J. S.; Osseo-Asare, K. J. Membr. Sci. 1989, 45, 261-271. 
114) Rieberer, S.; BNorian, K. H. Ultramicroscopy 1992, 41, 225-233. 
115) Lehmani, A.; Duran-Vidal, S.; Turq, P. J. Appl. Polym. Sci. 1998, 68, 503-508. 
116) Komoroski, R. A.; Mauri tz, K. A. In Perfluorinated Ionomer Membranes, ACS Symp. 
Ser.; Yeager, H. L., Ed.; American Chemical Society: Washington D.C., 1982; Vol. 
180, pp 113-138. 
117) Lowry, S. R.; Mauritz, K. A. J. Am. Chem. Soc. 1980, 102, 4665-4667. 
118) Komoroski, R. A.; Mauritz, K. A. J. Am. Chem. Soc. 1978,100, 7487-7489. 
119) Starkweather, H. W.; Chang, J. J. Macromolecules 1982,15, 752-756. 
120) Bunce, N. J.; Sondheimer, S. J.; Fyfe, C. A. Macromolecules 1986,19, 333-339. 
121) Sivashinsky, N.; Tanny, G. B. J. Appl. Polym. Sci. 1981, 26, 2625. 
122) Pineri, M.; Volino, F.; Escoubes, M. J. Polym. Sci. Part B: Polym. Phys. 1985, 23, 
2009-2020. 
123) Yoshida, H.; Miura, Y. J. Membr. Sci. 1992, 68, 1-10. 
124) Meresi, G.; Wang, Y.; Bandis, A.; Inglefield, P. T.; Jones, A, A.; Wen, W.-Y. 
Polymer 2001, 42, 6153-6160. 
125) Gong, X.; Bandis, A.; Tao, A.; Meresi, G.; Inglefield, P. T.; Jones, A. A.; Wen, 
W.-Y. Polymer 2001, 42, 6485-6492. 
126) Paddison, S. J.; Zawodzinski, T. A. Solid State Ionics 1998,113-115, 333-340. 
127) Cable, K. M.; Mauritz, K. A.; Moore, R. B. J. Polym. Sci. Part B: Polym. Phys. 1995, 
33, 1065-1072. 
128) Vishnyakov, A.; Niemark, A. V. J. Phys. Chem. B 2000,104, 4471-4478. 
129) Jang, S. S.; Molinero, V.; Çagin, T.; Goddard III, W. A. J. Phys. Chem. B 2004,108, 
3149-3157. 
37 
Chapter 3 
OVERVIEWS ON NMR TECHNIQUES 
3.1 Solid-state NMR 
Solid-state NMR is now a powerful tool for studies of structure, morphology and 
dynamics of solids,1 such as polymers, biomaterials, and inorganic materials. The virtues of 
solid-state NMR come from the structural and dynamical information of the materials carried 
by the interactions of nuclear spins with various local magnetic fields and the versatile 
manipulation of these interactions with the help of radio frequency (rf) pulses. 
3.2 Interactions in NMR 
Zeeman, chemical shielding, dipolar coupling, quadrupolar coupling, and ./-coupling 
interactions are of interest of most NMR studies. Zeeman interaction, and the rf pulse 
interaction with spins are termed external interactions while all the others are termed internal 
or local interactions, which are normally weaker than the external interaction and are the 
basis of most the experiments. 
3.2.1 Zeeman interaction 
When one nucleus is placed in a static magnetic field B0, the energy associated with 
the interaction of the nucleus and the magnetic field B0 is 
E = -hju- B0 (3.1) 
where p. is magnetic moment of the nucleus spin. It is related to the nucleus spin angular 
momentum ( ï ) as Ji = , where y is the gyromagnetic ratio, a constant that is characteristic 
of the nucleus. In a Cartesian coordinate system, the static magnetic field direction is 
normally defined as the z-direction. The three spin operators associated with I are Ix, Iy 
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and/,. The interaction between I and B0 is called the Zeeman interaction with the 
following Hamiltonian: 
H o =  - } i ï l -B 0  = -yh I z B 0  (3.2) 
The precession frequency associated with the Zeeman interaction is called the Larmor 
frequency con = -y/?0. 
3.2.2 Chemical shielding 
Chemical shielding arises from the local magnetic field generated by the electrons 
surrounding the nucleus in the presence of the external magnetic field B0. The magnitude of 
this local field is proportional to B0 and the interaction Hamiltonian is: 
where a is the chemical shielding tensor. Chemical shielding is much weaker than the 
Zeeman interaction and is quite different for different nuclei. Under the truncation effect of 
the strong Zeeman interaction, only the components that commute with the Zeeman 
interaction remain. The truncated chemical shielding in the lab frame (LF) is written as: 
In practice, it is chemical shift (S )  instead of chemical shielding widely used for 
convenience. Chemical shift is defined as the frequency difference between the detected 
nucleus and the reference nucleus, whose chemical shift is set to zero. It is defined as: 
H es ~ T^IcBQ (3.3) 
Hcs = yhîz°iF Bo = = tlC0J (3.4) 
sample (3.5) 
This value is quite small and it is usually referred in "ppm", parts per million. 
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3.2.3 Dipolar coupling 
Dipolar coupling is one of the internal interactions and is a direct through space 
interaction between magnetic dipole moments, homonuclear or heteronuclear. The 
homonuclear interaction Hamiltonian is 
Hi = ft-^l(3cos2#-l)(3/ J -Î-S) (3.6) 
4* / 2 ; 
and the heteronuclear interaction Hamiltonian is 
H/s =-^h^--(3cos20-l)2I2Sz (3.7) 
where ju0 is permeability, y is gyromagnetic ratio of the involved nuclei, r is the distance 
between the nuclei, and 6 is the angle between the internuclear vector and the external 
magnetic field. The equations clearly state that the dipolar coupling strength is proportional 
to the gyromagnetic ratio of the nuclei involved and inversely proportional to the third power 
of the internuclear distance. 
3.2.4 Quadrupole interaction 
Nucleus with spin quantum number I > 1/2 has a non-vanishing quadrupole moment 
(Q) that interacts with the electron field gradient tensor (V), which is the second spatial 
derivative of the electric potential. This is called quadrupole interaction and is extremely 
useful for getting dynamical information of polymers. 2H NMR has wide applications for 
this study due to its almost uniaxial and relative weak interaction.2 
3.2.5 J-coupling 
In addition to the direct dipole-dipole interaction, there is indirect interaction, J-
coupling, which is mediated by electrons through the chemical bonds. J-coupling is about a 
few hundreds Hz or less and has the same spin dependence as the direct dipolar coupling, but 
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has an isotropic component unaffected by rotation. This weak coupling is normally 
shadowed by the much stronger dipolar coupling in solid-state NMR. 
3.3 Solid-state NMR techniques 
Due to the orientation dependence of NMR frequencies, such as chemical shift and 
dipolar anisotropy, the simplest solid-state NMR spectra of organic solids often have broad 
featureless humps. The introduction of cross-polarization (CP)3, magic-angle spinning 
(MAS)4 and broadband heteronuclear dipolar decoupling5, are milestones of high resolution 
solid-state NMR. After that, lots of ingenious applications of multiple pulses techniques, 
taking out or reintroducing these anisotropic interactions in solids as will, have made solid-
state NMR a powerful tool for probing the structure and dynamic of solids.1,6,7 
3.3.1 Orientation dependence of NMR frequencies 
The orientation dependence of chemical shielding comes from the electron 
distribution, which rarely has spherical symmetry except in some very rare cases, in the 
molecules. The chemical shielding tensor is represented by a 3-by-3 matrix, and can be 
characterized by the three diagonal values, which are the three principal value, OxxPAS> &yyPAS 
and oJAS in its so called principal axis system (PAS), which has a specific orientation with 
respect to bonds around the nucleus. 
Z a  
Figure 3.1 B0 orientation in the principal axes system (PAS) frame 
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NMR measurement is performed in the lab frame, so we need to transform a from its 
PAS frame to the lab frame. The orientation of Bo in the PAS frame is defined by the polar 
angle 0and azimuthal angle (j), as in Figure 3.1. Then the chemical shielding frequency (cocs) 
in the lab frame can be written as: 
cocs = a>0 (cr™s (cos (j> sin 6)2 + cr™s (sin ^  sin 6)2 +cr™s (cos#)2) (3.8) 
where co0 = -yBo, is the Larmor frequency of the unshielded nuclei. The isotropic chemical 
shift û)iso, the asymmetry parameter 77 and the chemical shift anisotropy 6 are defined as:1 
(39b) 
77 - ayy °xx (3.9c) 
CTzz ^ iso 
Scs = CTzz - a,so (39d) 
K ~ J * J ^  K - °iso\ (3 - 9e) 
With some algebra, Eq. 3.8 can be rewritten as 
cocs(0,</>) = coiso + ^  Scs(3cos20- 1 - Tjcs sin20cos2^). (3.10) 
This equation separates the isotropic (orientation independent) part from the anisotropic 
(orientation dependent) part of the chemical shielding frequency (chemical shift anisotropy 
or CSA). In non-oriented solids, so called powder samples, the orientation is assumed 
randomly distributed without any preference. So, the spectrum includes all possible 
orientations and gives an inhomogeneously broadened spectrum, the so-called powder 
pattern, which greatly reduces the resolution in early solid-state NMR. Figure 3.2 presents 
an illustration of the chemical shift powder pattern for constant Ô but at different r\ values 
with the isotropic chemical shift set to zero. The dipolar coupling also has a similar 
orientation dependence. It is uniaxial with rjo = 0, which is clearly seen in Eqs. 3.6 and 3.7. 
3.3.2 Uniaxial motional averaging 
Sufficiently fast molecular reorientation can be detected in terms of changes in the 
powder lineshape due to the orientation dependence of the NMR frequencies. In the region 
where the reorientation rate is comparable to the interaction strength (in Hz), the so called 
intermediate motional regime, the analysis is quite complex, while it is simple when the 
motion is much faster than the interaction strength, the so called fast-motion limit.8 Under 
fast motion, the observed frequency is the weighted average of the frequency at all the 
possible orientations during the reorientation: 
1 . 5  ô  
n <> 
-Ô - 0.5 5 0 0.5 ô ô 
Figure 3.2 The chemical shift anisotropy powder pattern dependence on r| 
N N 
(3.11) 
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where (â)zz is defined as the sum tensor ( ^  pj {aY )zz ), and the frequency can be 
y'=i 
characterized by J and rf as 
= -I-77 sin10a cos2<j>a) (3.12) 
where (6a,$a) specifies the orientation of B0 in the PAS of the averaged tensor (cf)zz. 
Under uniaxial rotation, the axial asymmetry is averaged out, the principal z axis is along the 
rotation axis, and the averaged anisotropy is given by9 
S  =  ^ S (3cos 2 f i p  —1 — ^7sin2 (3P cos2ap) (3.13) 
where (/?/>, ap)  specifies the orientation of the rotation axis in the non-averaged PAS. 
3.3.3 Magic-angle spinning (MAS) 
All anisotropic interactions are averaged by fast isotropic molecular motions in 
solutions, so solution NMR spectra normally have high resolution. This is not the case in 
solid-state NMR, but the application of magic-angle sample spinning can partially mimic the 
isotropic molecular motions in solution.4'10 The sample is mechanically rotated around an 
axis at an angle of 54.7° to the external magnetic field B0. Under fast spinning the averaged 
CSA and dipolar coupling can be described as: 
W = (9, (3 cos"/) -1) (3.14) 
where /? specifies the orientation of the rotation axis relative to B0. The anisotropic part of 
the frequency a>aniso(6,(p) vanishes when /? equals the magic angle, 54.7° or more 
accurately arccos(Vl / 3 ), and only the isotropic frequency is retained. This is the so called 
magic-angle spinning (MAS) introduced in the 1950s.4'10 
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When the spinning speed is comparable to the strength of the anisotropic interaction, 
there will be a set of frequencies separated at the integer multiples of the spinning frequency, 
spinning side bands (SSB). They can be used to extract chemical shift anisotropy 
information. The orientation and time dependent frequency is described by 
co(t) = C, cos(y + cort) + S] sin(y + cort) + C2 cos(2y + 2cort) + S2 sin(2y + 2cort) (3.15) 
where, cor is spinning speed in radian and {a, (i, y) specifies the orientation of the PAS in the 
rotor frame. The coefficients Cn and Sn depend on the chemical shift parameters S and 77, and 
the orientation a and /?.' While magic-angle spinning is a very useful technique to remove 
the orientation dependence of NMR frequencies and thus to achieve high resolution, it also 
removes the structural and dynamical information contained in these anisotropic interactions. 
The anisotropic couplings can be reintroduced by designed rotation-synchronized pulse 
sequences, such as REDOR,11 DRAMA,12 SUPER,13 to probe to hetero/homonuclear dipolar 
coupling, CSA information without sacrificing site resolution. 
3.3.4 Rotational-echo double resonance (REDOR) 
The heteronuclear dipolar interaction contains the distance information, which is 
useful for structure studies of solids. The rf pulses can reintroduce the otherwise averaged 
dipolar coupling without the expense of high resolution from MAS during signal detection. 
This is done by introduction one n pulse per half rotation period, the so-called rotational-
echo double resonance (REDOR) technique.11 
Under MAS, the time-dependent heteronuclear interaction Hamiltonian for a single 
pair of spin-1/2 nuclei is 
#„(') = W)/A (3.16) 
where a>(t) is the time-dependent interaction frequency and I2, Sz are the z spin operators of 
the I and S-spin, respectively. Without the 71 pulse at the center of the rotation period, the 
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accumulated phase for dipolar evolution at the end of the rotation period which is the integral 
of the frequency co(t) in Eq. 3.15 will vanish: 
O = |r co(t)dt = 0 (3.17) 
3t,/2 2tr 5t,/2 '2 tr 
Figure 3.3 Reintroduction of the x-y heteronuclear dipolar interaction (phase Oxy) by the 
rotation-synchronized n pulses shown at the bottom 
With the 7i pulse at tr/2 during the dipolar evolution, see Figure 3.3, the second half of 
the rotation period will have the opposite sign due to the inverted Hamiltonian 
( H,s (t) = -hco(t)IzS2), so the accumulated phase at the end of the rotation period is 
O = I' o)(t)dt- jr ^co(t)dt (3.18) 
From the orientation dependence of the dipolar coupling, the accumulated phase for one 
rotation period can be calculated as11 
0 = -—fi—- sin2/7sina (3.19) 
An r n 
Based on the von Neumann equation,14 the evolution of an S spin under the heteronuclear 
dipolar interaction to an I spin with spin number 1/2 is 
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3, "o ) ^  cos(0) + 25"/, sin(0) (3.20) 
if we suppose the initial magnetization starts at Sx and the REDOR n pulses applied. The 
signal intensity, which is the coefficient of Sx, decreases with the accumulated phase. This is 
called the dephasing of the signal. The dephased signal ratio is 
where So is the initial magnetization or the signal with no n pulse on the I-spin. In a powder 
sample, the signal should be a powder average over all possible orientations, which is 
As can be seen from the dependence of the accumulated phase, or the dipolar 
interaction strength, on the nuclear distance r, REDOR is a useful technique for probing the 
distance of two different nuclei in molecules.15 
3.3.5 Two-dimensional NMR (2D NMR) 
2D NMR significantly advances NMR techniques and their applications in different 
disciplines of research.16 Although there are many different 2D NMR techniques,1'16 the 
basic blocks in the pulse sequence are usually the same: preparation, evolution, mixing and 
detection, see Figure 3.4a. The pulses start with the preparation of suitable magnetization 
appropriate to the properties to be detected in the indirect (t,) dimension, such as chemical 
shift or dipolar coupling. Next, the magnetization evolves under a specific Hamiltonian for a 
time ti, which provides some structural or dynamical information. After the ti evolution, the 
magnetization evolves under the mixing pulses to prepare appropriate magnetization for t] 
evolution, the final detection. The detection in the direct dimension is as normal, and usually 
is dominated by chemical shift evolution. After the acquisition of a set of ID free-induction 
decay with incremented values of t;, Fourier transformation is applied to this 2D time signal 
cos(<t>) (3.21) 
(3.22) 
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along both ti and t% dimensions, as simply illustrated in Figure 3.4b, first along tz and then 
along tj. The resulting 2D spectrum is a correlation of the interaction indirectly detected in ti 
dimension and the interaction directly detected in t2 dimension. 
(a) 
preparation evolution (tj) mixing detection (t2) 
l.volution 
21) -'miner I runs form 
Acquisition unie t 
o e 
0" o 
GL>2 
Figure 3.5 Principle for 2D NMR. (a) Scheme of 2D NMR with four periods, (b) Fid series 
with different t, at a defined increment and 2D spectrum after 2D Fourier transform 
For example, 2D wideline separation17 (WISE) experiment can obtain site specific 
information on molecular motion since it correlates the proton line width with their bonded 
carbon chemical shift. 2D heteronuclear correlation18'19 (2D HETCOR) experiments are 
often applied to obtain the connectivity in the chemical structure since they correlate the 
chemical shifts of two nearby heteronuclei, often *H and 13C in organic solids. 
3.3.6 Exchange and CODEX 
Solid state NMR provides powerful techniques for elucidating segmental dynamics of 
solids.1 Lineshape analysis17,20,21 and relaxation-time measurements22 are normally applied 
for the study of fast dynamics with correlation time of 10"6 to 10"9 s. For relative slow 
motion with rates of 0.1 Hz to 10 kHz, 2D exchange NMR is suitable for extracting specific 
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information, such as correlation times23 and their distribution,24 25 reorientation-angles and 
their distribution.25,26 
The basic principle of exchange NMR27 is the measurement of the NMR frequency of 
one and the same molecule at two different times and the detection of slow dynamics through 
a change in NMR frequency, see Figure 3.5a. 
(a) 
frequency 1 mixing time frequency 2 
w(8,. O,) co(62, <J>2) 
(b) 
C01 
Figure 3.5 Principle of 2D exchange experiments, (a) Two frequencies before and after 
mixing time, (b) 2D exchange between two sites A and B. 
In NMR spectroscopy, "exchange" can sometimes be understood in a broader sense. 
Apart from the cases of actual reorientation of molecules or molecular segments in space, 
and of chemical exchange, it can refer to spin exchange, namely spin diffusion, or motion of 
the sample as a whole, which can involve continuous rotation or flipping. Without any 
exchange in the mixing time, the frequencies remain unchanged for all signals such that the 
Lm 
CO? 
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intensity is confined to the line cùi = a>\, which is the diagonal of the (a>\, a%) plane. With 
frequency changes due to exchange in the mixing time, off-diagonal signals at (ûja, <%) and 
(cob, (Ok) appear. This is illustrated schematically in Figure 3.5b 
Centerband only detection of exchange (CODEX) in solid-state NMR is a method to 
probe slow motion and other exchange process during the mixing time by recoupling the 
chemical shift anisotropy under magic-angle spinning.28 The scheme and pulse sequence is 
illustrated in Figure 3.6. 
(Oi (t) Mil co2(t) 
tm Ltr t r  
l r  t r  l r  
4  4  4  2  
IL I t z  t-> 
tr 
Figure 3.6 Basic CODEX pulse sequence 
The n pulse in the center of rotation period recouples chemical shift anisotropy, so the 
accumulated phase before (3>i) and after ($2) the first mixing time can be obtained as: 
(—^ cû\(f)dt + (0\{t)dt (3.23a) 
<y2 (t)dt - co2 (t)dt) = |r co2{t)dt (3.23b) 
If no exchange happens, the CSA before and after the mixing time will be the same 
(<y/(t)=û)2(t)). Therefore, the accumulated phase $2 will be zero and the 
magnetization is refocused along its original direction: no signal decay will be detected. This 
is called a stimulated echo. If there is any frequency change due to slow motion or spin 
diffusion during the mixing time, the signal would be dephased. 
50 
i 50°-90° - " " . - -
ii 
ti 
i 
o
 
0.8 
3 0 ° /  
z 
0.6 
0.4 
/  , 2 0 °  
reoliçntâtion angle 
0.2 
" • < 
> ' .  "
CD
 II ©
 
o
 
o '* • "1 ' 1 ' ' ' 
0 2 4 6 8 10 12 1471 
6Ntr 
Figure 3.7 Normalized pure exchange CODEX intensities E(t,„, 8Ntr) 
The dephased signal is a function of the mixing time and the CSA recoupling time. It 
reflects the correlation time and its distribution, and the reorientation angle and its 
distribution. In order to eliminate effects of relaxation during the mixing time and the CSA 
recoupling period, the spectra are always normalized to the reference spectrum So, where the 
system has the same relaxation but with no exchange due to a very short mixing time. The 
dephased spectrum (S) is obtained with another short z-period (less than 1 ms) after the 
second recoupling period, while the reference spectrum is obtained by simple interchanging 
the values of this z-period and the mixing time. Figure 3.7 presents the dependence of the 
pure exchange intensity on the CSA recoupling time for different molecular reorientation 
angles (P). It is obvious that the pure exchange intensity is sensitive to reorientations at 
small-angle regions. 
3.4 Applications of solid-state NMR 
Structural, conformational, configurational and spatial information can be readily 
accessed from the chemical shift, including chemical shift anisotropy, and dipolar coupling, 
which has an inverse cubed dependence of the internuclear distance.1 
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3.4.1 Structural characterization 
The most direct and simple way of obtaining structural information is the isotropic 
chemical shift, which indicates the local environment, such as conformational or 
configurational microstructure of the polymer.29'30 The chemical shift is directly related to 
the chemical structure: aliphatics resonate at small ppm values, aromatics resonate at high 
ppm values and the proximity to oxygen will shift resonance to higher ppm values for 13C 
and 'H in organic solids.29'31 Besides these configurational differences, solid-state NMR is 
also sensitive to conformational differences.30'32 A well documented and useful change of 
isotropic chemical shift is the y-gauche effect for carbons in aliphatic structures.30 The 
gauche conformation, one possible conformation at the y-neighbor of the observed carbon, 
will shift the signal around 5 ppm lower compared to the possible trans-conformation. 
Packing effects also contribute to chemical shift differences of 1 to 3 ppm.33 
The anisotropics of the 13C chemical shifts34 are also different for aliphatic and 
aromatic carbons due to their different electron configuration resulted from hybridizations. 
Aliphatic carbons usually have anisotropics of 40 ppm, carbonyl carbons span 150 ppm, 
aromatic carbons span about 200 ppm, and the C =N group span about 250 ppm. The 
anisotropics of *H are relatively small, around 6 ppm. 
3.4.2 Distance measurements 
Distance measurements in solid-state NMR are applied at two levels: intemuclear 
distances on the molecular level and domain size on the morphological level. The 
intemuclear distance is usually probed via the dipolar interaction due to its inverse cube 
dependence on that distance. The domain or segments size in material is probed through spin 
diffusion: magnetization redistribution due to homonuclear dipolar interactions. 
Since NMR methods do not require crystal forms of polymers, they are now 
complementary to scattering techniques on elucidating the arrangement of atoms in 
polymers. Due to the inverse cube dependence, the distance probed by dipolar coupling is 
quite local and usually about two- or three-bond length. For heteronuclear distance 
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measurements, REDOR experiments are widely applied to biomaterials and polymers." 
Homonuclear distances can be measured by using homonuclear recoupling techniques, such 
as dipolar recovery at the magic angle (DRAMA),12 rotational resonance(R2),35 to just name 
a few. 
Spin diffusion is a widely applied technique for illustrating the morphology features 
of heterogeneous polymer systems.36 Spin diffusion is the magnetization redistribution under 
the 'H-'H or 19F-I9F homonuclear interaction. In short time, the mean-square displacement 
of magnetization <x2> is related to the spin diffusion coefficient D and the diffusion time t, 
<x2> = sDt (3.24) 
where 6 depends on the geometry of the morphological structure. With the help of model 
simulation, the dimensional size of the morphology can be extracted from the magnetization-
diffusion time experiments. For highly accurate domain size , the spin diffusion coefficient 
and the geometry of the dispersed phase, lamellar, cylindrical, or spherical, should be known 
by other techniques.36"40 
3.4.3 Molecular motion 
Polymeric solids exhibit a wide range of molecular motions: from local high 
frequency modest-amplitude torsional oscillations to very slow movements involving longer 
range phenomena and large scale displacements. 
The dynamics probed by NMR techniques can roughly be divided into three 
categories:1,41 
(i) relaxation regime, 10"7 to 10"9 s for spin lattice relaxation in laboratory frame 
(7/) and 10"5 to 10"7 s for spin lattice relaxation in rotating frame {Tip). They are 
often probed by recovery experiments for Ti and 7/p,22'42'43 or spin echo 
experiments for spin-spin relaxation (r?).43 
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(ii) dynamic line broadening regime, 10"2 to 10"5 s, comparable to anisotropic 
chemical shift or dipolar coupling interactions. This information is normally 
extracted from lineshape analysis.17'20 Under high speed uniaxial molecular 
rotation, the CSA powder lineshape of polymers will show a ij = 0 lineshape no 
matter what asymmetric parameter 77 is in the rigid limit.1 Dipolar coupling is 
also averaged once the molecular motion exceeds its strength in kHz to give the 
reduced coupling strength determined by the orientation angle of the dipolar 
axis relative to the motion axis. 
(iii) magnetization transfer regime, 10"3 to 102 s. Slow molecular motions in this 
regime can be probed by magnetization transfer or exchange experiments, in 1-
D or 2-D mode.44'28 
3.5 Conclusion 
A brief introduction to the interactions in solid-state NMR and some of important 
techniques for structural and dynamical studies has been given here. Chemical shift 
anisotropy and dipolar couplings are the dominant orientation dependent interactions in 
solid-state NMR. Magic angle spinning is applied for averaging the anisotropic interaction in 
order to obtain high resolution spectra. The dipolar or CSA interaction under MAS can be 
reintroduced by rotation synchronized pulse sequences, like REDOR for heteronuclear 
interaction. 2D exchange technique like CODEX can provide dynamical information, like 
molecular reorientation in solids. Solid state NMR is widely applied for studies of structure, 
morphology and dynamics characterization of polymers. 
References 
(1) Schmidt-Rohr, K.; Spiess, H. W. Multidimensional solid-state NMR and polymers, 
1st ed.; Academic Press: San Diego, 1994. 
(2) Spiess, H. W. Adv. Polym. Sci. 1985, 66, 24-57. 
(3) Pines, A.; Gibby, M. G.; Waugh, J. S. J. Chem. Phys 1973, 59, 569-590. 
(4) Andrew, E. R.; Bradbury, A.; Eades, R. G. Nature 1958,182, 1659. 
(5) Bloch, F. Phys. Rev. 1958, 111, 841-853. 
(6) Brown, S. P.; Spiess, H. W. Chem. Rev. 2001,101, 4125-4155. 
54 
(7) Laws, D. D.; Bitter, H.-M. L.; Jerschow, A. Angew. Chem. Int. Ed. 2002, 41, 3096-
3129. 
(8) Abragam, A. The Principles of Nuclear Magnetism, Chapter IIP, oxford University 
Press: London, 1961. 
(9) Spiess, H. W. NMR Basic Principles and Progress 1978,15, 55. 
(10) Lowe, I. J. Phys. Rev. Lett. 1959, 2, 285-287. 
(11) Gullion, T.; Schaefer, J. /. Mzgw. Reson. 1989, 81, 196-200. 
(12) Tycko, R.; Dabbagh, G. Chem. Phys. Lett. 1990,173, 461-465. 
(13) Liu, S.-F.; Mao, J.-D.; Schmidt-Rohr, K. J. Magn. Reson. 2002,155, 15-28. 
(14) Sakurai, J. J. Modern Quantum Mechanics', Addison-Wesley: Redwood City, 1985. 
(15) Gullion, T. Concepts Magn. Reson. 1998,10, 277-289. 
(16) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear Magnetic 
Resonance in One and Two Dimensions', Clarendon Press: Oxford, 1987. 
(17) Schmidt-Rohr, K.; Clauss, J.; Spiess, H. W. Macromolecules 1992, 25, 3273-3277. 
(18) Carvatti, P.; Bodenhausen, G.; Ernst, R. R. Chem. Phys. Lett 1983,100, 305-310. 
(19) Carvatti, P.; Bodenhausen, G.; Ernst, R. R. Chem. Phys. Lett 1982, 89, 363-367. 
(20) Schaefer, J.; McKay, R. A.; Stejskal, E. O.; Dixon, W. T. J. Magn. Reson. 1983, 52, 
123-129. 
(21) Spiess, H. W. Adv. Polym. Sci.\ Springer: Berlin, 1985; Vol. 66. 
(22) Schaefer, J.; Sefcik, M. D.; Stejskal, E. O.; McKay, R. A.; Dixon, W. T.; Cais, R. 
E. Macromolecules 1984,17, 1107-1118. 
(23) Spiess, H. W. J. Chem. Phys. 1980, 72, 6755-6762. 
(24) Rôssler, E. Chem. Phys. Lett. 1986, 128, 330-334. 
(25) Wefing, S.; Spiess, H. W. J. Chem. Phys 1988, 89, 1234-1244. 
(26) Schmidt, C.; Wefing, S.; Bltlmich, B.; Spiess, H. W. Chem. Phys. Lett 1986,130, 
84-90. 
(27) Jeener, J.; Meier, B. H.; Bachmann, T.; Ernst, R. R. J. Chem. Phys. 1979, 71, 4546-
4553. 
(28) deAzevedo, E. R.; Hu, W.-G.; Bonagamba, T. J.; Schmidt-Rohr, K. J. Chem. Phys. 
2000,112, 8988-9001. 
(29) Pham, Q.-T.; Petiaud, R.; Waton, H. Proton and Carbon NMR Spectra of Polymers; 
Wiley: New York, 1983. 
(30) Tonoelli, E. NMR Spectroscopy and Polymer Microstructrue; VCH Publisher: New 
York, 1989. 
(31) Bovey, F. A. Nuclear Magnetic Resonance Spectroscopy; Academic Press: San 
Diego, 1988. 
(32) Komoroski, R. A. High Resolution NMR of Synthetic Polymers in Bulk; VCH 
Publisher: Deerfield, FL, 1986. 
(33) Bunn, A.; Cudby , M. E. A.; Harris, R. K.; Packer, K. J.; Say, B. J. Polymer 1982, 
23, 694-698. 
(34) Veeman, W. S. Prog. NMR Spectrosc. 1984, 16, 193-235. 
(35) Raleigh, D. P.; Levitt, M. H.; Griffin, R. G. Chem. Phys. Lett. 1988, 146, 71-76. 
(36) Clauss, J.; Schmidt-Rohr, K.; Spiess, H. W. Acta Polymer 7993, 44, 1-17. 
(37) Wang, X.; White, J. L. Macromolecules 2002, 35, 3795-3798. 
(38) Jia, X.; Wolak, J.; Wang, X.; White, J. L. Macromolecules 2003, 36, 712-718. 
55 
(39) Mellinger, F.; Wilhelm, M.; Spiess, H. W. Macromolecules 1999, 32, 4686-4691. 
(40) Chen, Q.; Schmidt-Rohr, K. Solid State Nucl. Magn. Reson. 2005, in press 
(41 ) Tycko, R. Nuclear Magnetic Resonance Probes of Molecular Dynamics; Kluwer: 
London, 1994. 
(42) Becker, E. D.; Ferretti, J. A.; Gupta, R. K.; Weiss, G. H. J. Magn. Reson. 1980, 37, 
381-394. 
(43) Meiboom, S.; Gill, D. Rev. Sci. Insts. 1958,29, 688-691. 
(44) Farve, D. E.; Schaefer, D. J.; Chmelka, B. F. J. Magn. Reson. 1998,134, 261-279. 
56 
Chapter 4 
A SIMPLE SCHEME FOR PROBEHEAD BACKGROUND SUPPRESSION 
IN ONE-PULSE 'H NMR 
A paper published in Solid State Nuclear Magnetic Resonance 26 (2004) J1-15 
Q. Chen, S. S. Hou, and K. Schmidt-Rohr 
Abstract 
A very simple method for reducing probehead background signal in one-pulse *H 
nuclear magnetic resonance (NMR) spectra is presented. Two one-pulse spectra are 
recorded, the first with pulse length tpi, the second with an Z-times longer pulse, e.g. with L = 
2. The second spectrum scaled by 1 IL is subtracted from the first. Since the weak pulses 
experienced by spins outside the coil are in the linear regime, the background from outside 
the coil is effectively subtracted out. The background suppression efficiency is 
approximately 1.5Z?2, where b is the ratio of the B; fields inside the coil relative to that 
outside the coil. Experimentally, background suppression by at least a factor of 10 was 
achieved. Examples of background suppression in *H wideline as well as 'H fast magic-
angle spinning (MAS) one-pulse spectra of clay and polymer samples are shown. 
Main Text 
One-pulse solid-state *H nuclear magnetic resonance (NMR) provides information on 
segmental mobility under slow magic-angle spinning (MAS) or without sample rotation (*H 
wideline NMR) [1,2]. It can also be used to study the structure of proton-poor inorganic 
materials [3-6], and to characterize the sample composition under fast-spinning conditions. 
Background signal from protons in NMR probeheads, outside the radio-frequency coil 
(Figure 4. 1(a)), is a common problem in one-pulse *H NMR, in particular when the 
probehead was not designed specifically for proton detection or if the proton concentration in 
the sample is low. 
At first, one might consider subtraction of the signal of the empty probehead from the 
spectrum of interest, but this is often not a good solution. It requires some arbitrary relative 
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scaling and phasing of the two spectra, since the presence of the sample in the coil changes 
the electronic properties of the resonance circuit. Due to the large width of many proton 
spectra, the required distinction of the signal of the sample from the probehead background is 
often insufficient. Pulse sequences based on four or eight 90° pulses have been demonstrated 
to suppress background in spectra of small width [7, 8], However, these long pulses have a 
bandwidth that is too limited for detecting wideline spectra of rigid organic solids reliably. 
In the time-domain, this bandwidth limitation corresponds to dipolar decay during the four or 
eight pulses. 
Figure 4.1 (a) Schematic representation of the radio-frequency coil with sample inside and 
proton-containing probehead material outside, (b) One-pulse sequence with signals from 
inside and outside the coil schematically indicated, (c) Same as (b), except with an Z-times 
longer excitation pulse. The background signal from outside the coil is increased close to L-
fold. 
In this Note, we introduce a simple probe background suppression scheme that 
involves only a single, relatively short excitation pulse. Thus, excitation problems are 
minimized. In contrast to the simple subtraction scheme mentioned above, there is no 
arbitrary scaling of spectra in our approach. 
The proton signal of a one-pulse sequence as indicated in Figures 4.1(b) or 4.1(c) can 
be written as 
SU&>) = <$( cv; tp) > (4.1) 
where tp is the pulse length. The pointed brackets indicate the ensemble average over all 
protons present, whether inside or outside the coil. In our scheme, two one-pulse spectra are 
recorded, the first with pulse length tpi, the second with pulse length tP2 = Ltpi, with L 
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typically between 1.5 and 2.5 (Figures 4.1(b) and 4.1(c)). The second spectrum, scaled by 
ML, is subtracted from the first: 
Senior, tp, L) = < S(ar, tp) > - 1 /L< S(a>-, Ltp) > (4.2) 
For the present purpose, of the parameters varied in the ensemble average of Eqs. (4.1) and 
(4.2) we need to consider only the 5/ field strength. Due to the generality of our approach, it 
is sufficient to distinguish signals of protons inside the coil (Si), where the Bi field is strong 
(51,0, and those outside the coil (S0), where B\ is weaker by a factor of b > 4 (Z?i,0 = B\Jb, 
see Figure 4.1(a)). Inside the coil, the flip angle is = yB\j tp , outside it is (30 = fijb. The 
signal of interest, from inside the coil, is 
S\(co\ tp) = Si(<y) sin(x5i,i?p) = #(w) sin(/%) (4.3a) 
and the background signal from outside the coil is 
S0(co; tp) = S0(c0) ûn(yB\t\tp/b) = S0(œ) sin(fi/b) (4.3b) 
Here, S\(ai) and S0((o) are the maximum-intensity spectra that would be obtained after 
a 90° pulse inside and outside the coil, respectively. Based on Eq.(4.3), we find the 
difference signals, according to Eq.(4.2), 
Scorrect)-, /?,; L) = S\(û)) sin(/?j) - ML S\(co) sin(Z/?i) (4.4a) 
-S,corr,o(<y; A; L) = S0(a>) sm(fi/b) - ML S0(co) sin(L/3/b) (4.4b) 
from inside and outside the coil, respectively. For brevity, we have written the tp-
dependence in terms of f3\ - yB\;x tp. The flip angle outside the coil, fi/b, is small, therefore 
the difference signal of Eq.(4.4b) vanishes up to the second order in /?/£: 
Scorr.oCty; A; L) = S0(a>) {sin(fi/b) - ML sin(Lfi/b)} 
= ^ (0) {(A^)' (^ - l)/6 + 0((/#)')} (4.5) 
In contrast, the arguments of the sine functions in Eq.(4.4a) are in the more nonlinear regime 
and therefore this difference does not vanish. 
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Now let us consider the efficiency of background suppression as a function of f3\ and 
L, which reflect directly the pulse length used and are therefore under the control of the 
spectroscopist. In contrast, the B \ -field ratio b is a fixed parameter that depends on the 
probehead configuration. We are interested in minimizing the background relative to the 
signal from inside the coil: 
B(Pù L, b) = {Scorr.oO; /%; £)/SoO)} / {£C0rr,iO; fc, L)/Si(û))} 
= {sin(/?ilb) - ML sin(Zfiji)}/{sin(/?j) - ML sin(Z/?j)} (4.6) 
The value of B tells us the fraction of background relative to the fraction of the 
desirable signal from inside the coil, for the "corrected" spectrum of Eq.(4.2). For instance, 
2?(90°; 2, 6) = 0.88%. Figure 4.2(a) shows B(J3\, L, b) as a function of /%, with L as a 
parameter, for 6 = 4. The Z-independent limiting value of B for small j3\ obtained from 
Eq.(4.6) by Taylor expansion is 
B(j3i=0;L, b)=Mb3 (4.7) 
The curves for L = 2 and larger field ratios of b = 5 or b = 6 are also shown in Figure 4. 2(a). 
In order to state by how much the background has been suppressed, we need to also 
consider the signal and background in a standard spectrum. For simplicity, we consider the 
standard spectrum after a 90° pulse inside the coil, which contains the following signals 
S\(a>\ fgo,i) = •S'i(û)) (4.8a) 
S0(œ\ t90,i) = S0(a>) sin((^/2)lb) (4.8b) 
from inside and outside the coil, respectively. The background suppression factor R is then 
given by the signal-to-background ratio in the corrected spectrum, relative to the signal-to-
background ratio in the standard spectrum: 
R(pù L, b) = {ScorrXt»; A; L) / Scorr,o(ty; fc, L)} / {Si(ûJ; ?90,i)/So(tO; ?90,i)} 
= sin((^/2)/6) / B(fi; L, b) (4.9) 
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Figure 4.2 Quantification of background suppression, (a) Plot of the flip-angle dependence 
of B, the fraction of background relative to the fraction of the desirable signal from inside the 
coil, in the difference spectrum Scorr,i(^ Pù L), see text. Several curves for different 
values of the field-strength ratio b and the pulse-length ratio L are shown, (b) Plot of the 
background-suppression factor R, as defined in the text, as a function of the pulse flip angle 
/?j. Several curves for different values of the field-strength ratio b and the pulse-length 
ratio L are shown, (c) Plot of the intensity of the spectrum SC01Til(&>; fi; L) vs. /%. Since two 
scans are needed to generate Scorr-i(<y; /?,; L), the quantity plotted has been divided by two. 
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For instance, one finds R(90°; 2, 6) = 29, i.e. a 29-fold background suppression. 
Figure 4.2(b) plots R vs. fa and with b = 4, 5, 6 as a parameter, for L = 2. The ^-independent 
limiting value of the background suppression factor for small and 6 > 4 is 
a(/% = 0; 4 6 > 4) 4%/2) (4.10) 
The parametric L-dependence of R(fa,; L,b- 4) is also shown in Figure 4. 2(b). 
The figures show that smaller pulse lengths provide better background suppression. 
H o w e v e r ,  r e d u c i n g  t h e  p u l s e  l e n g t h  a l s o  d i m i n i s h e s  t h e  a b s o l u t e  s i g n a l  - S ^ r r / t y ;  t p ;  L )  
significantly, as shown in Figure 4. 2(c). Therefore, depending on the intrinsic sensitivity of 
a given sample, somewhat different flip angles might be chosen. We have found that fa\ = 
45° and L = 2 (i.e. Lfa\ = 90°) provide excellent background suppression and usually 
sufficient sensitivity. 
Experimental examples of the background suppression method are shown in Figures 
4.3-4.5. Figure 4.3 demonstrates it with a background-only set-up, using an empty rotor 
with cap in a commercial double-resonance Bruker probehead. The top two spectra were 
taken with = 90° and L = 2; conventionally, we would say that a 90° pulse was used for 
Figure 4.3(a), a 180° pulse for Figure 4.3(b). The spectrum in Figure 4.3(b) has been scaled 
by 1 IL = 1/2. With this scaling, it matches the spectrum in Figure 4.3(a), showing that the 
protons detected experience the pulse in the linear regime. The difference spectrum, shown 
in Figure 4.3(c), exhibits only a minor residual background signal. The residual background 
signal is {SCOUfi{o)\ 90°; 2)!S0(co, ^o.i)} = 1/10 of the fa\ = 90° spectrum, which corresponds to 
R(co\ 90°; 2) = 10, given that Scorrj(cù\ 90°; 2)/S\(co, tgo,ù = 1. The bottom three spectra in 
Figure 3 were taken with fa\ = 45° and 1 = 2, i.e. a 45°-pulse and a scaled 90°-pulse spectrum, 
and their difference is also shown. The quality of background suppression is excellent. In 
applying the method, note that it will not suppress the signal of protons in the rotor material 
(since they are inside the coil), a situation that we encountered in the course of our 
experiments. 
Figure 4.4 shows background suppression in *H spectra of oven-dried hectorite clay 
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Figure 4.3 'H spectra (16 scans each) of an empty 7-ram rotor with Kel-F end-cap spinning 
at 5 kHz (i.e. a spectrum of the probehead background). Spectra were obtained with (a) inside 
flip angle /%= 90°, (b) inside flip angle /?,= 180° and scaling by 1/2, and (c) the difference of 
(a) and (b). Second series: spectra with (d) inside flip angle fi = 45°, (e) inside flip angle ft, = 
90° (same data as (a)) and scaling by 1/2, and (f) the difference of (d) and (e). The 'H 45°, 
90°, and 180° pulse lengths were 2.2 ps, 4.4 ps, and 8.8 |is, respectively. The recycle delay 
was 2 seconds. All spectra shown in this Note were recorded on a Bruker DSX-400 
spectrometer at 400.49 MHz for *H, using Bruker double-resonance probeheads. 
in the same rotor and probehead as used for the spectra of Figure 4.3. This clay contains 
inner -OH protons but has a relatively low proton density compared to organic compounds 
[6], which makes the probehead background a correspondingly more serious problem. The 
90°-pulse spectrum, Figure 4.4(A), shows the set of sharp spinning sidebands of the OH 
protons in the clay [6] as well as a broader band, which the 180°-pulse spectrum in Figure 
4.4(b) identifies as probehead background. The 1/Z-scaled difference of the two spectra is 
shown in Figure 4.4(c). It is compared with the empty-rotor difference in Figure 4.4(d) 
(same as Figure 4.3(c)), which shows that the remaining broad band in Figure 4.4(c) is 
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mostly not due to the probehead, but must be attributed to the sample itself. This is 
confirmed by the corresponding series of spectra with (3X = 45° and L = 2, Figures 4.4(e)-(h). 
Note that the difference spectrum of Figure 4.4(g) has been scaled up by a factor of five in 
order to match the spectrum in Figure 4.4(c). The background difference signal in Figure 
4.4(h) (same as Figure 4.3(f)) has also been scaled accordingly. The five-fold reduced 
signal-to-noise ratio in Figure 4.4(g) compared to Figure 4. 4(c) has been predicted in Figure 
4. 2(c). 
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Figure 4.4 'H spectra (16 scans each) of oven-dried hectorite clay in a 7- mm rotor with Kel-
F end-caps at 5 kHz MAS and ambient temperature. Spectra were obtained with (a) inside 
flip angle $ = 90° and (b) inside flip angle = 180° and scaling by 1/2. (c) Difference 
spectrum of (a) and (b), (d) corrected background reference (same as in Figure 4. 3(c), 
correctly scaled), (e) - (h): Spectra with - 45° and 1 = 2; specifically, (e) with inside flip 
angle fi, = 45°, (f) with inside flip angle ft, = 90° (same data as (a)) and scaling by 1/2, and (g) 
the difference of (e) and (f) scaled up by a factor of five to match the spectrum in (c). In (h), 
the corrected background of Figure 4. 3(f) is shown for reference. The 'H 45°, 90°, 180° 
pulse lengths were 2.2 (is, 4.4 gs, and 8.8 us, respectively. 
An application of background suppression in *H NMR under 28-kHz magic-angle 
spinning is shown in Figure 4.5. The sample is a poly(styrene-ethylene oxide) block 
copolymer intercalated in hectorite clay [9]. A broad background is observed in the regular 
one-pulse spectrum, Figure 4.5(a). The scaled spectrum at twice the pulse length, Figure 
4.5(b), shows only the broad background, which is cleanly subtracted out in the difference 
spectrum, Figure 4.5(c). 
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Figure 4.5 *H spectra (32 scans each) of a poly(styrene-ethylene oxide) (PS-PEO) block 
copolymer [9] intercalated in hectorite clay, acquired at 28-kHz MAS in a 2.5-mm rotor. 
Spectra were obtained with (a) inside flip angle = 90° and (b) inside flip angle p, = 180° and 
scaling by 1/2. The spectrum in (c) is the difference of (a) and (b). The 'H 90°- and ISC-
pulse lengths were 3.0 JJ.S, and 6.0 gs, respectively. 
The background is suppressed efficiently by our method because the difference signal 
is small for all values of b > 4. Note also that in contrast to the four- or eight-pulse 
sequences of ref. [7], which rely on 90° pulses, in our scheme the pulse flip angle does not 
have to be known. Only the ratio of the pulse timings (more precisely, the time integrals of 
B\(t) ) of the two pulses must be known with reasonable accuracy. Therefore, this method 
works well even if there is a distribution of B\ field strengths in the coil. Exact 90° or 180° 
pulse lengths do not need to be determined. 
In Conclusions we have presented a simple scheme for suppressing *H background 
signal from outside the coil in one-pulse *H spectra. Involving only short single pulses, it 
minimizes distortions from limited excitation bandwidth. It suppresses the signals of protons 
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at a wide range of distances from the coil, and retains the signals from within the coil even in 
the presence of significant Bi-field inhomogeneity. The background signal is found to be 
suppressed by more than an order of magnitude. The 2- to 10-fold reduction in sensitivity 
resulting in this approach is usually acceptable in *H NMR. 
This manuscript has been authored at Iowa State University and Ames Laboratory 
under Contract No. W-7405-ENG-82 with the U.S. Department of Energy. 
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Chapter 5 
MEASUREMENT OF THE LOCAL JH SPIN-DIFFUSION COEFFICIENT IN 
POLYMERS 
Q. Chen, K. Schmidt-Rohr 
A paper accepted for publication in Solid State Nuclear Magnetic Resonance 
Abstract 
Proton spin diffusion is widely used to determine domain sizes in heterogeneous 
organic solids. For an accurate analysis, spin diffusion coefficients are required. However, in 
most cases they are not directly measured, but instead derived from model systems. The 
effects of magic-angle spinning (MAS), mobility, or spin-lock fields on spin diffusion 
coefficients have also been difficult to quantify. In this work, direct measurement of local *H 
spin-diffusion coefficients in any rigid polymer is achieved in experiments with 
heteronuclear dephasing of the *H magnetization, a mixing time for *H spin diffusion, and 
13C detection after cross-polarization. In the presence of *H homonuclear decoupling and 
180°-pulse recoupling, each 13C spin déphasés a significant number (3 - 20) of protons, 
depending on the dephasing time. For 13C and other sufficiently dilute heteronuclei, the 
dephasing of the protons is described by simple spin-pair REDOR curves. As a result, every 
13C nucleus will "burn" a spherical hole of known diameter and profile into the proton 
magnetization distribution. !H spin diffusion into the hole during the mixing time can be 
monitored and simulated accurately for every resolved 13C site, with the spin-diffusion 
coefficient as the only significant unknown parameter. By varying the dephasing time, holes 
with diameter of 0.4-0.8 nm can be burned into the proton magnetization profile and thus the 
dependence of the local spin-diffusion coefficients on the proton density or partial mobility 
can be explored. The effects of transverse or magic-angle spin-lock fields on spin diffusion 
can be quantified conveniently by this method. Analytical and numerical fits yield short-
range spin-diffusion coefficients of 0.2-0.5 nm2/ms on the 0.5-nm scale, which is smaller 
than the value of 0.8 nm2/ms for organic solids previously measured on the 10-nm scale. 
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5.1 Introduction 
The process of *H spin diffusion, i.e. transfer of *H magnetization mediated by 
homonuclear dipolar couplings between protons, enables nuclear magnetic resonance (NMR) 
to provide information about spatial relations between different phases or molecular 
segments on a 0.5-50 nm scale, which extends below the resolution limit of electron 
microscopy of organic materials. This can be useful for characterizing miscible polymer 
blends [1-6], nanocomposites [7], copolymers [8], and similar heterogeneous polymer 
materials with macroscopic properties that can be tuned via microscopic structural features 
like composition, domain sizes, or degree of phase separation. An advantage of spin-
diffusion NMR over scattering techniques is that NMR does not require long-range order. 
Recently, *H spin diffusion with 13C evolution and detection [9,10] has also been used in Re­
labeled biological molecules for determining through-space distances of various residues 
[11]. 
In order to convert from the characteristic time constant of spin diffusion, as derived 
from the time dependence NMR spectral intensities, to the characteristic size of domains, the 
spin diffusion coefficient D is required. Its central role in connecting distance and time of 
spin diffusion is clearly seen in the well-known relation 
<x2> = e 2Dt (5.1) 
where the <x2> is the mean-square displacement of the magnetization. The prefactor e equals 
the number of orthogonal dimensions along which a magnetization gradient is present. 
Fits of the NMR spin-diffusion data from block copolymers with domain sizes in the 
5 - 50 nm range, as characterized by scattering or electron microscopy, have yielded the 
typical spin diffusion coefficient in relatively rigid polymers [8,12]. However, there have 
been indications that spin diffusion between smaller structures may proceed more slowly. 
An alternative method for the determination of D relies on the analysis of intramolecular spin 
diffusion, using the "size" of a monomer derived from simulation [13-15]. This is 
particularly useful for systems with significant segmental motions, which partially average 
the homonuclear dipolar couplings. However, the uncertainty in the conversion of a 
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monomer size into a domain size may be considerable, and this limits the accuracy of the 
determination of D, which depends on the square of that size. 
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Figure 5.1 (a) Principle of the measurement of the local spin-diffusion coefficient and 
cartoon of the "hole" in the *H magnetization distribution, (b) Pulse sequence for local spin-
diffusion coefficient measurement based on REDOR-like, 13C-*H dephasing followed by 'H 
spin diffusion and short cross-polarization to the central 13C spin. Often pulse for total 
suppression of sidebands (TOSS) is inserted before l3C detection 
Here we present a method for directly measuring spin-diffusion coefficients on a local 
(0.5-1 nm) scale in polymers of limited mobility. As shown in Figure 5.1a, *H magnetization 
near a 13C nucleus is dephased through the recoupled X-H dipolar interactions, which 
generates a "hole" in the *H magnetization profile. During the mixing time, *H 
magnetization diffuses into the "hole" from the surrounding protons and is detected on the 
13C spin as a function of the mixing time after cross-polarization (CP) from nearby protons. 
Since the 13C-H REDOR dephasing can be exactly quantified [16], the spin-diffusion 
coefficient is the only important parameter to be varied for fitting the spin-diffusion data. 
Using this approach, the local spin-diffusion behavior of various homopolymers has been 
studied. The spin-diffusion behavior under transverse and magic-angle spin-lock during the 
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mixing time was also studied. Compared to the conceptually related triple-CP "spy 
detection" approach of Zhang et al. [17], the initial condition of the *H magnetization in our 
method is better defined, with a flat, more extended profile. Furthermore, Zhang et al. [17] 
did not determine spin-diffusion coefficients from their data. 
5.2 Experimental 
5.2.1 Samples 
Local-spin diffusion coefficients were measured in the following polymers: 
polyethylene (PE, (-CH2-)n), isotactic polypropylene (iPP, (-CH2-CH(CH3)-)n), amorphous 
polystyrene (aPS, (-CH2-CH(C6H5)-)n) and poly(xylylene ether) (PXE, (-C6H4(CH3)2-0-)n, 
also known as poly(2,6-dimethyl-1,4-phenylene oxide), PPO, or poly(2,6-dimethyl-1,4-
phenylene ether), PPE). 
5.2.2 NMR parameters 
Experiments were performed on a Bruker DSX-400 spectrometer at 100 MHz for 13C, 
using a magic-angle spinning (MAS) probehead with 7-mm rotors. Spinning frequencies of 
2.4 and 4.8 kHz were used in the experiments. No special tune-up of the spectrometer, other 
than optimization of pulse lengths, was performed for the experiments. The 90° pulse length 
for *H and 13C was 3.8 jas and 4.1 jas, respectively. The contact time for LG-CP was 50 (as, 
in order to ensure that the *H-13C polarization transfer is local. The ^C-'H REDOR 
dephasing time ranged from 0.4 to 3.3 ms. The recycle delay was 2 s, and 256 scans were 
acquired for each data points. 
5.3 Theory 
5.3.113C-1 H dephasing and spin diffusion 
The pulse sequence of Figure 5.1b starts with destruction of any l3C magnetization. 
Then, a 13C-'H REDOR sequence with one l3C 180°-pulse every half-rotation period, tr/2, 
déphasés 'H near 13C. Homonuclear decoupling by MREV-8 [18] is applied to eliminate the 
'H-'H dipolar couplings during the 13C-'H dephasing, and the rotation-synchronized 180° 
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pulse on the *H channel refocuses the chemical-shift evolution. Therefore, the dephasing of 
*H magnetization is only determined by the recoupled 13C-'H dipolar coupling with a 
coupling constant 
= +fL»Z4JL/,„, = +15 kHz— (5.2) 
4 k r r 
where r is the distance between the 'H and the 13C nucleus, yuand 7* are the gyromagnetic 
ratios of the *H and X (13C) spins, respectively, and pio is the permeability of free space, and 
h-bar is the reduced Planck constant (h/2n). The scaling factor, fscai - 0.5, of the 
heteronuclear dipolar interaction under MREV-8 homonuclear decoupling has also been 
included here. Since the l3C nuclei are dilute (natural abundance of 1.1%), to a good 
approximation each *H is dephased significantly by only one 13C. Thus the evolution of the 
fH magnetization can be approximated as l3C-fH spin-pair dephasing. This makes it easy to 
simulate the profile of the *H magnetization near a given 13C spin. The well-defined 
depletion of !H magnetization around the central 13C generates the initial nonequilibrium 
state needed for spin diffusion. During the mixing time, 'H magnetization diffuses into the 
"hole" and increases the magnetization of the proton(s) bonded to the 13C. 
After spin diffusion, short Lee-Goldburg cross polarization (LG-CP) is used to 
transfer magnetization from 'H to l3C nuclei, with minimal spin diffusion due to the *H 
magic-angle spin lock during LG-CP; the short contact time guarantees that the detected l3C 
magnetization is only from its bonded ]H, which is near the center of the burnt hole. Total 
suppression of sidebands (TOSS) [19] is needed for sideband suppression at low spinning 
speed, especially for the aromatic carbons. The y-average required for TOSS to work is 
achieved by a z-filter before acquisition which is incremented in eight steps of tr/8 [20]. The 
X-nuclei signal is detected under TPPM decoupling [21]. 
5.3.2 REDOR hole in the 1H magnetization profile 
Under the recoupled 13C-'H heteronuclear interaction, the *H magnetization at a 
certain distance from the central 13C nucleus can be described by 
5(<5xh t) = jo<cos(@(<%(h t))> (5.3) 
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where sf&H t) is the powder-averaged *H magnetization after evolution for a time t under the 
^C-'H dipolar interaction of coupling constant 8xh in Eq. (5.2). Here, so is the *H 
magnetization without dephasing, and <5>(Ôxh t) is the accumulated phase under the action of 
the recoupled 13C-'H interaction. The ensemble average indicated by the pointed bracket 
includes all possible segmental orientations. For REDOR with two equally spaced 180° 
pulses per rotation period, 0(8xh t) can be calculated as [16] 
7 Pi 
® ( à X H t )  =  ~ 5 X H N t r  sin 2/7 sin a (5.4) 
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where Sxh is I3C-'H dipolar coupling constant in Eq. (5.2), and # is the number of rotation 
periods tr under REDOR dephasing. The Euler angles, /? and a, relate the 13C-'H 
intemuclear vector to the rotor-fixed reference frame, but do not appear explicitly in the 
dephasing signal Eq. (5.3) due to the powder averaging. Figure 5.2a shows the REDOR 
master curve describes the time evolution of *H magnetization for a fixed l3C-'H distance. 
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Figure 5.2 Principle of the quantitative calculation of the profile of the "hole" in the 'H 
magnetization distribution burned by the recoupled interactions with a 13C spin: (a) time 
domain profile of the *H magnetization after l3C- H REDOR dephasing of 1-ms duration; and 
(b) corresponding spatial profile. 
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A transformation from the time domain to the spatial domain enables us to describe 
the *H magnetization profile near the central 13C after a certain dephasing time, tdeph- Under 
the powder average, any orientation dependence vanishes and the magnetization profile 
depends only on the intemuclear distance r\ combining Eqs. (5.2), (5.3), and (5.4), we obtain 
the magnetization profile 
=0 ) = s(Sm(r)!dvt) = s^~f^-Id,pl,) (5.5) 
This transformation from the t- to the r-dependence is shown in Figure 5.2b. Clearly, 
due to the 1/r3 distance dependence of the dipolar coupling, the magnetization of protons near 
the 13C is almost totally dephased, while the more distant protons are little dephased. Figure 
5.2b confirms that REDOR dephasing produces a "hole" with relatively well-defined 
diameter. The analysis in terms of powder-average magnetization levels is valid due to the 
linearity of the spin-diffusion Equation. 
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Figure 5.3 Growth of the hole in the magnetization distribution with REDOR dephasing time. 
With increasing dephasing time, the "hole" in the spatial domain grows, see Figure 
5.3. A semi-quantitative estimate of the hole volume and its time dependence can be 
obtained by approximating the proton magnetization profile by a hole with vertical sides. 
The radius of the hole is defined as the position ro.5 where half of the original magnetization 
is dephased after a certain dephasing time, as shown in Figure 5.2b. This half-dephased 
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position corresponds to ôxii(r)tdeph - 0.8 in the REDOR master curve of Figure 5.2a. 
Therefore 
*0.5 
V  =  \ x - r L = \ "  l 5 ' k " Z t A '  •  =  7 8  ' W z  '  W  •  À 3  ( 5 . 6 b )  
The volume of hole, or the total dephased magnetization, increases linearly with the 
dephasing time, which means that the diameter of the hole increases with the cubic root of 
the dephasing time. Further, Eq. (5.6b) shows that the fraction of the 'H magnetization 
dephased by 13C spins depends on the 13C density of the polymer (the number of "holes" per 
volume) but not on the *H density, which is verified by experiments below. 
5.3.3 Spin diffusion model and simulation 
For a fixed REDOR dephasing time, i.e. a given size of the hole in the *H 
magnetization distribution, the spin diffusion time tm is varied. At each value of tm, l3C CP 
spectra with (S) and without (So) 13C REDOR dephasing pulses are recorded. By plotting 
S/So, effects of T? and Ti relaxation are eliminated. 
Spin diffusion is the large scale, continuous approximation of spin exchange between 
discrete protons [22], where in a time period At, every proton gives a certain fraction fm = 
AtQ of its magnetization to a neighboring proton through dipolar coupling, and accordingly 
receives magnetization from it. In a simple linear ID array of spins, this results in 
AM/At = -2QMj + nMj+i + QMH (5.7) 
where Mj, Mj.i and Mj+i are the magnetizations at spin sites j,j-l, and j+1, respectively. This 
is actually the discrete form of Pick's second law of diffusion in one dimension 
-ir=dsr- (5-8) 
74 
where D, the diffusivity, is related to Q, the transition rate, through the distance a of 
neighboring spins in the array according to 
D = Qa (5.9) 
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Figure 5.4 (a) ID cross-section through the hole in the 'H magnetization distribution and (b) 
corresponding representation of the spin-diffusion lattice model in two dimensions. The 
lattice parameter is based on the proton density of the organic solid under consideration. 
Eq. (5.7), generalized to three dimensions with exchange to and from six neighbors, 
can be evaluated numerically by redistributing the magnetization on the lattice points time 
step by time step. In the simulations, which are coded in FORTRAN, the 13C nucleus is 
located 0.11 nm away from one of the 'H spins, which are arranged on a cubic lattice with 
reflecting boundary conditions. The distance a, and the volume per 13C nucleus are 
calculated from the proton density and the C/H ratio of the material studied. For iPP, the 
density is about 0.9 g/cm3, which corresponds to about 38 carbons or 76 protons per nm3. 
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The proton distance a is 0.24 nm in a regular cubic array of the same proton density. Given 
the 1.1% natural abundance of 13C, iPP has about one 13C per 2.4 nm3, corresponding to a 
regular 13C-13C spacing of 1.34 nm. After about 16 ms, based on the size estimate of the hole 
burned by REDOR dephasing, there will be significant overlap of the *H dephasing, i.e., 
many *H spins will be dephased by more than one 13C. 
Figure 5.4 shows a 2D view of the model, with the 13C nucleus located at the center 
of the hole. The *H magnetization of all protons in the lattice is initialized according to Eqs. 
(5.2)-(5.5), depending on their distance to the central 13C nucleus and the REDOR dephasing 
time. The spin-diffusion behavior is then simulated by this model in three dimensions. To 
make the model more realistic, several 13C nuclei are placed quasi-randomly on a bigger 
lattice, and the spin-diffusion behavior is averaged over these different 13C nuclei. The spin-
diffusion coefficient is then the only important parameter that is varied in order to fit the 
experimental spin-diffusion data. 
5.3.4 Analytical simulation 
In order to check the accuracy of our numerical lattice simulation, we have also 
developed an approximate analytical description of the spin diffusion into the "hole" 
generated by the REDOR dephasing. In a two-component (matrix and hole) system, 
Babinet's principle[23] states that the spin diffusion from the matrix to the hole is equivalent 
to diffusion of magnetization from the hole region to the initially magnetization-free matrix. 
The initial magnetization of each proton point is a spatial 8-function, which evolves as a 
Gaussian function with broadening proportional to -yj2Dtm . 
If the inverse hole is represented by a cube of side-length CIA,  the magnetization 
profile in 3D space is simply the product of ID magnetization profiles along three orthogonal 
directions. The magnetization at the center of the hole is then 
Kvsrâ t &exp(^ Sû)) ' (5'10a) 
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at time tm. Using the complementary error function, erfc, this can be written as 
J(U = VI- 1 — x < 
2 
x 
- ~ d .  
) - erfc(-
+ t Q )  ^ j 4 D ( t m  + t 0 )  0 
) (5.10b) 
The time to is chosen such that the rounding of the REDOR hole profile seen in 
Figure 5.2b is most closely reproduced. We use dj = 2 ro.s, with ro.s as defined in Eq. (5.6a). 
5.3.5 Spin diffusion under spin lock 
In the presence of a strong effective field Bejf generated by irradiation of a 5/ field on 
or off resonance, the effective dipolar interaction strength is reduced by a factor of 
(3cos2#- l)/2, where 0= arctan(yBi/Aco) is the angle between Bejf and the external Bo field, 
as indicated in Figure 5.5. 
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Figure 5.5 Modifications of the 'H part of the pulse sequences shown in Figure 5.1b, for spin 
diffusion under various spin-lock conditions: (a) spin diffusion under transverse spin lock; 
and (b) spin diffusion under magic-angle spin lock. 
Spin diffusion is correspondingly slowed. For instance, CP with an effective field at 
the magic angle (6- 54.7°) from Bo (LG-CP) is applied when *H spin diffusion during CP is 
undesirable [24,25], However, due to 5/ inhomogeneity the magic-angle condition cannot be 
exactly fulfilled throughout a sample that fills the coil end-to-end. Therefore, estimating the 
time constant of spin diffusion during nominal magic-angle spin lock is of interest. Similarly, 
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spin diffusion during regular on-resonance CP is also of interest. With the X-H dephasing 
method, spin diffusion under these conditions can be quantified by simply placing the 
magnetization along the effective field during tm as indicated in Figure 5.5. 
5.4 Results and Discussion 
iPP ((-CH2-CH(CH3)-)n), aPS ((-CH2-CH(C6H5)-)n), crystalline PE ((-CH2-)n) and 
PXE ((-C6H4(CH3)2-0-)n) were studied for spin-diffusion coefficient measurements in rigid 
systems (some with rotating methyl groups) with different proton densities. Four different 
REDOR dephasing times were used, 0.42, 0.83, 1.66, and 3.32 ms, which at 2.4 kHz MAS 
correspond to 1, 2, 4 and 8 rotation periods, respectively. The burned holes are estimated to 
be about 0.4, 0.5, 0.6, and 0.8 nm in diameter, respectively, according to Eq. (5.6a). Some 
experiments were also performed at a spinning frequency of 4.8 kHz in order to study the 
effect of faster MAS on spin diffusion. The spin diffusion under two different spin-lock 
conditions was studied in aPS and PXE. 
5.4.1 13C density and1H magnetization dephasing 
As mentioned above, the total dephasing of *H magnetization depends on the l3C 
density and can be computed through the 13C-'H REDOR dephasing profile. The 
computation and experimental total dephasing results for aPS, iPP, and PE, are shown in 
Figure 5.6. The computation results are based on a 13C density of about 30 C/nm3, which is 
consistent with the material density. The comparison shows that the dephasing is 
proportional to the dephasing time and does not depend on the !H density. For aPS and iPP, 
which differ by a factor of 2 in their *H density, the dephased fraction is almost the same at 
the four different dephasing times. 
The dephasing effect of one 13C on several *H spins makes this method superior to 
multiple-CP approaches [9,10,17], where the signal is determined by the second CP, which 
transfers the magnetization of only one available spin (the 13C spin) back to *H. Also, the 
initial condition of spin diffusion is ill-defined in such an experiment, since it depends 
crucially on the CP dynamics. The *H magnetization after the second CP period will be 
sharply peaked near the 13C spin, precluding treatment in terms of a polarized domain. In our 
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depolarization approach, a relatively well-defined flat (i.e. domain-like) *H magnetization 
profile is generated instead. 
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Figure 5.6 (a) Schematic for explaining the dependence of the total dephased *H 
magnetization fraction on the 13C density but not the 'H density, (b) Dependence of the total 
*H intensity dephased by l3C as a function of the C-H REDOR dephasing time, measured 
after long spin diffusion (2-20 ms data averaged), normalized by the signal Sn without 
dephasing X-pulses. Experimental data and results of the lattice simulation described in the 
text are shown. The nonlinearity in the simulation at long times is due to incipient overlap of 
the holes in the 'H magnetization distribution. 
5.4.2 Short-range spin-diffusion coefficients 
Polypropylene (iPP) is a semi-crystalline polymer and only the crystallites produce 
significant 13C signal at ambient temperature, due to motions on the 10-|_is scale in the 
amorphous regions. The experimental data and corresponding fit of the spin diffusion 
behavior are shown in Figure 5.7 for C-H dephasing times of 0.42, 0.83, 1.66, and 3.32 ms. 
According to Eq. (5.6a), the estimated diameters of the burned holes are 0.4, 0.5, 0.6, and 0.8 
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nm, respectively. This corresponds to 3, 5, 10, and 21 dephased protons, respectively, per 
hole or 13C spin. The spin diffusion reaches equilibrium within about 1 ms. The fitting 
results give a spin-diffusion coefficient of 0.3 nm2/ms for smaller holes, and about 0.5 
nm2/ms for larger holes. These spin-diffusion coefficients are smaller than the accepted 
value of -0.8 nm2/ms measured for rigid polymers on the 10-nm scale [8,26]. 
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Figure 5.7 Spin diffusion in isotactic polypropylene at 2.4 kHz MAS, for four different 
REDOR C-H dephasing times of 0.42, 0.83, 1.66, and 3.32 ms. For the first three dephasing 
times, best fits were obtained with D = 0.3 nm2/ms, while for the longest dephasing time D = 
0.5 nm2/ms provides a significantly better fit. 
Figure 5.8 shows the spin diffusion data obtained on amorphous polystyrene (aPS). 
The fitting results give a slightly smaller spin-diffusion coefficient of 0.2-0.3 nm2/ms, which 
is about a third of 0.8 nm2/ms. Also, this value is only about 2/3 of that obtained for iPP by 
the same method. The latter difference most likely reflects the effect of the proton density 
on the spin-diffusion coefficients, which is consistent with previous predictions [27,28]. In 
aPS, the proton to carbon ratio is 1:1, while in iPP it is 2:1. The stronger 'H-1!! dipolar 
coupling network in iPP speeds up spin diffusion. 
The spin-diffusion behavior in crystallites of PE is quite similar to that of iPP. The 
experimental data and corresponding fit are shown in Figure 5.9. The best fit gives 0.25 
nm2/ms for burned holes of 0.4 and 0.5 nm diameter, while 0.30 nm2/ms is found for a 
nm hole. These results are similar as in iPP, which has the same proton density. 
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Figure 5.8 Spin diffusion in amorphous polystyrene at 2.4 kHz MAS, for the same four 
dephasing times as in Figure 5.7. For the first three dephasing times, best fits were obtained 
with D = 0.22 nm2/ms, while for the longest dephasing time D = 0.3 nm2/ms provides a better 
fit. 
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Figure 5.9 Spin diffusion in crystalline polyethylene at 2.4 kHz MAS, for dephasing times of 
0.42, 0.83, and 1.66 ms. Due to the strong 'H-'H dipolar coupling, longer dephasing did not 
produce reliable results. 
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The deviation between the simulation and the experiments for the longer dephasing 
time may come from the simple model used: the random distributed 13C nuclei and the 
regular *H lattice model. As mentioned in the section 5.3, a homogeneous proton lattice is 
only an approximation of the proton distribution in the real material. The proton density 
profile along the polymer chain and perpendicular to the chain is somewhat different, so the 
spin diffusion along the chain is probably faster than perpendicular to it. 
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Figure 5.10 Analytical fitting of spin diffusion into the hole produced by the l3C spin at the 
center: (a) spin diffusion out of a domain of width of dA, and underlying Gaussian distribution 
(dashed) of the magnetization arising from individual protons with time. The finite slope of 
the magnetization profile at ±dA/2 is obtained by including a "lead-time" tm = 0 (see Eq. 
(5.10)); (b) corresponding spin diffusion into the hole; left: = 0, right: tm = 0.25 ms. (c) 
Analytical fits of spin diffusion in aPS and iPP at 2.4 kHz MAS after a REDOR dephasing 
time of 0.83 ms. 
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5.4.3 Analytical Fit 
In order to make sure that the low value of D obtained in the analysis is not due to an 
error in the simulation program, we have also fit the data with the approximate analytical 
expression, Eq. (5.10), derived above. As seen in Figure 5.2 and calculated from Eq. (5.6a), 
for a dephasing time of 0.83 ms, the diameter ^ - 2ro.s of the hole is estimated to be 0.5 nm. 
The analytical fit shown in Figure 5.10 gives D = 0.22 nm2/ms for spin diffusion in aPS and 
D = 0.32 nm2/ms for iPP. This confirms the numerical fitting results. 
5.4.4 l3C decoupling during spin diffusion 
Dave VanderHart suggested to us that the strong 13C-*H dipolar coupling felt by the 
protons near the 13C nucleus might be responsible for the observed slow-down of spin 
diffusion, as was observed by Zhang et al. [17] in ferrocene. In order to test this hypothesis, 
we applied 13C dipolar decoupling during the spin-diffusion time. In the experiments, l3C 
decoupling was applied during the spin-diffusion time tm, as indicated in Figure 5.1b by the 
dotted "box". Experiments were run with two different decoupling power levels, 
corresponding to yBi/2noi40 kHz and 65 kHz. 
1.0 n 
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With L,C decoupling 
during spin diffusion 
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Figure 5.11 Spin diffusion under 13C decoupling. The strengths of the decoupling fields, in 
terms of yBi/2%, are given in the figure (40 and 65 kHz). 
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Figure 5.11 presents the comparison of spin diffusion with and without 13C 
decoupling at 4.8 kHz MAS. The spin diffusion under 13C decoupling is slightly faster, but 
the differences are minor, which shows that the effect of the i3C-'H dipolar interaction on 'H 
spin diffusion in unlabeled systems is quite insignificant. 
5.4.5 Short- vs. long-range spin diffusion 
The local spin-diffusion coefficients determined in these experiments are smaller than 
the accepted value of ~0.8 nm2/ms measured for rigid polymers on the 10-nm scale [8,26]. 
Our data do indicate that the spin diffusion in larger holes is faster, suggesting that D may 
approach the larger 10-nm scale value. 
Previous data have also shown indications of slower spin diffusion on similarly short 
length scales. For instance, the random copolymer in ref. [8] was fitted with D = 0.8 nm2/ms 
and domains of 0.75 nm diameter, which would contain ca. 90 C-atoms or 12 monomer units; 
this seems to be unreasonably large. With a 1/4-fold smaller spin-diffusion coefficient of 0.2 
nm2/ms, the domain diameter would be 1/2, and the volume 1/8 times smaller, which is more 
in line with expectations for a random copolymer. 
Several considerations may help to rationalize the apparently slow short-range spin 
diffusion. Spin diffusion is really an empirical description of the complex, but basically 
unitary evolution [29] of the initial z-magnetization in the proton multi-spin system. To our 
knowledge, no proof has been given that D in this parameterization must be the same on all 
length scales. In fact, it is clear that at short times, the dynamics is not "diffusive" (~ t1/2) as 
for continuous diffusion but "exponential" (~ t) as typical of exchange processes between 
discrete protons or even "Gaussian" (~ t2) due to sin2cocdm dynamics. (Note, however, that 
the "exponential" behavior is adequately represented in the rate equations of the numerical 
lattice calculations and does not account for the observed discrepancy.) We speculate that 
long-range spin diffusion may appear faster because the most efficient paths of magnetization 
transfer, for instance along polymer backbones with their relatively uninterrupted sequences 
of protons, permit for relatively fast magnetization exchange. For determining the size of 
heterogeneities on a scale below 1 nm, which is of particular interest since they can not be 
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observed by electron microscopy, the spin-diffusion coefficients determined here should be 
more accurate than the literature values for the 10-nm scale. In numerical simulations, the 
variation of D with distance could be incorporated relatively conveniently in terms of an 
increase in the spin-diffusion coefficient (i.e. the exchange rate) with time. 
5.4.6 Effect of moderate spinning speeds on spin diffusion 
A comparison was made of spin diffusion at MAS frequencies of 2.4 and 4.8 kHz, at 
the dephasing time of 0.83 ms with the hole diameter of 0.5 nm, is shown in Figure 5.12. 
The data do not show a significant difference, indicating that the 'H-'H dipolar couplings are 
still in the quasi-static limit. This shows that the pronounced a>r dependence of the spin-
diffusion rate in ferrocene measured for cor= 1-8 kHz [17] is not typical, probably due to the 
fast molecular rotations of ferrocene. 
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Figure 5.12 Comparison of spin diffusion in amorphous polystyrene at 2.4 and 4.8 kHz 
MAS. Due to TOSS detection, at 2.4 kHz only the aliphatic-carbon signal is observable. 
5.4.7 Spin diffusion under spin lock 
Figure 5.13 shows the effect of a transverse spin-lock field on spin diffusion for the 
aliphatic and aromatic sites in aPS at MAS frequencies of 2.4 and 4.8 kHz. The effect is 
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more pronounced for the spin lock at the higher MAS speed. The spin-diffusion curves at the 
two MAS frequencies match, as shown in (b) and (d), after scaling the spin-diffusion time 
down by factors of 1/2 and 1/3, respectively. The factor of 1/2 at 2.4 kHz MAS is expected, 
since a strong spin-lock field is well known to scale down the averaged 'H-'H dipolar 
coupling by a factor of -1/2 [22] and was already observed by Zhang et al. under static 
conditions. [17] The additional scaling down of the coupling under 4.8 kHz MAS can be 
attributed to the faster spinning. Due to the -1/2 scaling by the spin-lock field, the effect of 
spinning is like that of 9.6 kHz MAS on the unsealed dipolar coupling; at this spinning 
frequency, spinning sidebands are usually observed, indicating that MAS affects the 'H-'H 
couplings. We have also measured the spin-diffusion behavior under transverse spin-lock in 
PXE at 4.8 kHz MAS, where data of methyl, protonated aromatic, and aromatic-ether sites 
can be compared (not shown). For all sites, the transverse spin-lock slows down spin 
diffusion by a factor of 1/3.4, similarly as in aPS. 
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Figure 5.13 Spin diffusion under transverse spin lock in aPS: (a) spin diffusion at 2.4 kHz 
MAS; (b) same data as in (a), but with time for the spin-lock data scaled by 1/2 (upper scale); 
(c) spin diffusion at 4.8 kHz MAS; (d) same data as in (c), but with time for the spin-lock data 
scaled by 1/3 (upper scale). 
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The spin-diffusion behavior of aPS under magic-angle spin lock during the mixing 
time is shown in Figure 5.14. The magic-angle condition is achieved by irradiating off-
resonance by Aco with a B; field fulfilling yBi/Aco - tan(54.74°) = 21/2. Ideally, i.e. for a 
homogeneous Bi field, no spin diffusion should occur under these conditions. The 
experiments show that spin diffusion is not eliminated, but slowed down by factors of about 
1/18 and 1/25 under MAS speed of 2.4 and 4.8 kHz, respectively. The finite factors can be 
attributed to B] inhomogeneity. Due to the large slope of (3cos20-l)/2 near G- 54.7°, the 
variation in the effective coupling with the B; field strength is strong. For instance, at the 
end of the coil, where the Bi field is half of the value in the coil's center, the effective field 
makes an angle of only arctan(2"1/2) - 35°. In order to find the optimum effective field, we 
searched for the irradiation frequency that minimized the intensity observed after 0.5-ms spin 
diffusion under the off-resonance spin lock. 
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Figure 5.14 Spin diffusion under magic-angle lock condition on amorphous polystyrene: (a) 
spin diffusion at 2.4 kHz MAS; (b) same data as in (a), but with time for the spin-lock data 
scaled by 1/18 (upper scale); (c) spin diffusion at 4.8 kHz MAS; (d) same data as in (c), but 
with time for the spin-lock data scaled by 1/25 (upper scale). 
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5.5 Conclusions 
We have developed a method for directly measuring the local 'H spin-diffusion 
coefficients in rigid organic solids. It is based on the generation of a well-defined *H 
magnetization profile around each 13C nucleus via the 13C-!H dephasing by the recoupled 
dipolar coupling in rigid solids. After the spin diffusion, the magnetization near the center of 
the "hole" in the *H magnetization is measured as the l3C signal after short LG-CP 
magnetization transfer. Numerical or analytical fits of the dependence of the l3C 
magnetization on the spin-diffusion time yield the spin-diffusion coefficient D. The D values 
measured by this method are 0.2-0.3 nm2/ms for amorphous polystyrene and 0.3-0.5 nm2/ms 
for iPP and crystalline PE. The D values found here for spin diffusion in local regions of 0.4-
0.8 nm diameter are by a factor of 1/3 smaller than those measured in polymers with phase 
separation on the 10-nm scale. Measurements of spin diffusion under spin-lock conditions 
confirmed the theoretical scaling factor of (-)l/2 under transverse (on-resonance) spin lock 
for slow MAS and revealed further scaling by moderately fast MAS (~ 5 kHz). Magic-angle 
spin lock by off-resonance irradiation under moderately fast MAS slowed spin diffusion 
down by a factor of-1/20, but did not eliminate it, most likely due to Bi inhomogeneity. 
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Chapter 6 
19F AND 13C NMR SIGNAL ASSIGNMENT AND ANALYSIS IN A 
PERFLUORINATED IONOMER (NAFION) BY TWO-DIMENSIONAL 
SOLID-STATE NMR 
A paper published in Macromolecules 2004, Vol. 37, 5995-6003 
Q. Chen and K. Schmidt-Rohr 
Abstract 
The i9F and L3C NMR resonances of the perfluorinated ionomer, Nation, are assigned 
to their corresponding chemical groups using two-dimensional (2D) 13C-19F heteronuclear 
correlation and 19F-exchange NMR experiments under 28 or 30 kHz magic-angle spinning, 
combined with peak area and relaxation time information. On the basis of these new 
experimental data, we revise the assignment of more than half of the resolved L9F NMR 
peaks. In particular, the backbone CF group is shown to resonate at -138 ppm, the side-group 
CF at -144 ppm, and the SCF% group, which can be selected by a T2 filter, at -117 ppm. The 
OCF2 groups resonate slightly downfield from the CFJ fluorines. Deconvolution of the 19F 
and 13C spectra based on cross sections from the 2D spectra provides the peak widths and 
positions of all side group and several backbone sites. The inhomogeneous broadening 
observed in both 13C and 19F NMR spectra for the sites near the backbone CF group reveals 
static disorder near the branch point, which contrasts with the high conformational order of 
the rest of the backbone and the mobility of the ends of the side group. 
Introduction 
Nafion is a solvent-resistant perfluorinated ionomer (see chemical structure in Figure 
6.1a) with excellent proton conductivity that is used in chlor-alkali electrolysis, 
electrochemical devices, and H2/O2 fuel cells.1"3 Despite Nation's technological importance, 
its phase structure is not well understood.3"6 19F NMR7"12 provides excellent opportunities of 
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characterizing segmental dynamics, chain packing, and domain sizes in Nafion with good 
sensitivity.13"15 It relies crucially on the resolution of different 19F NMR signals (see Figure 
6.1b). The correct interpretation of the spectra in turn requires correct assignment of the 
signals to specific chemical sites in the repeat unit. We have found that the traditional 
assignment proposed for Nafion16 and used in previous NMR studies of the phase structure 
and dynamics15 is incorrect for several of the 19F NMR peaks. 
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Figure 6.1 (a) Chemical structure of the Nafion ionomer. (b) 19F NMR spectrum at a magic-
angle spinning frequency of 30 kHz. Numerical values of peak integrals, including spinning 
sidebands (not shown), are shown in italics, (c) Traditional assignment with the predicted 
peak areas in italics, (d) Our revised assignment with predicted peak areas. 
In this paper, we will present a well-founded 19F NMR assignment based on fast-
MAS 19F peak areas, two-dimensional 13C-19F correlation NMR, two-dimensional i9F spin-
exchange NMR, and transverse-relaxation time (Ti) selection. In the interpretation of the l3C-
19F correlation data, we use the 13C NMR peak assignment obtained in our previous 13C-19F 
spectral editing experiments.17 The widths of the 19F and 13C signals of nine specific sites are 
obtained from the ID and 2D spectra and provide insights into the conformational order and 
dynamics of these sites. 
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Experimental Section 
Sample. The Dupont Nafion 117 ionomer was purchased in the form of a commercial 
fuel-cell-quality Nafion film, in the protonated form. The structure of the polymer is shown 
in Figure 6.1a. The ionomer has an equivalent weight of 1100, which corresponds to 14 CF2 
groups between branch points, on average. At this relatively high comonomer level, wide-
angle X-ray crystallinity is negligible.3 The membrane was kept in a desiccator and tightly 
rolled into a cylinder that fits snugly into the 2.5 mm rotor. Nevertheless, *H NMR shows 
that the sample had absorbed some water from the atmosphere. The effects of absorbed water 
on the side-group dynamics are currently under investigation in our laboratory. 
NMR. All the NMR experiments were performed at 100 MHz for 13C and 376 MHz 
for 19F on a Bruker DSX-400 spectrometer. All the spectra were acquired on the sample 
packed in a 2.5 mm rotor with Vespel end-caps, in a 2.5 mm X-H/F double-resonance magic-
angle spinning (MAS) probehead at spinning frequencies ur of 28 or 30 kHz. 
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Figure 6.2 Two-dimensional NMR pulse sequences used in this work, (a) l9F-l3C correlation 
at 28 kHz MAS with ramped cross-polarization and pulsed l9F decoupling during l3C 
detection.17 (b) l9F-l9F isotropic-chemical shift exchange NMR at 30 kHz MAS. Before the 
evolution and detection period, the chemical shift is refocused in a Hahn spin echo. By 
increasing the duration of the first Hahn echo sequence, we can obtain a l9F ^-filtered 2D 
spectrum. During the mixing time tm, one composite n-pulse per rotation period is applied in 
order to recouple the 1 F-'9F dipolar couplings (radio-frequency-driven recoupling, 
RFDR18'19). 
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l9F NMR spectra were acquired with a recycle delay of 3 s and a dwell time of 4 (is at 
or - 30 kHz after a pulse sequence of fr-7i-pulse-/r, which produces a rotation-synchronized 
Hahn spin echo. This avoids probehead deadtime effects and yields spectra without 
significant baseline distortion. Effects of differential Tj relaxation during the Hahn-echo 
delays were <1%. The 19F 90° pulse length was 2.5 ps, and the acquisition time was 8.2 ms. 
The 19F signal of Teflon at -122 ppm was used as a secondary external reference. The peak 
positions quoted in ref 15 differ by ±2 ppm from those measured here. However, the 
positions read directly from the spectrum in Figure 2 of ref 15 are consistent with our results 
within ±1 ppm. 
19F-19F exchange spectra were acquired with the pulse sequence of Figure 6.2b. 
Radio-frequency-driven dipolar recoupling (RFDR) of 19F-19F dipolar interactions by one 
composite n pulse per rotation period was applied during the mixing time18,19 in order to 
speed up 19F spin diffusion and make it less dependent on the peak position.20,21 The 
composite pulses 7T/2a+„7ta7r/2a+7i make the method less sensitive to the exact pulse flip angle. 
The phase a was incremented according to the xy-16 phase sequence (xyxyyxyx -x-y-x-y -y-x-
y-x). The number of increments in t\ was 100, with a t\ dwell time of tj2 = 16.67 ps, which 
gives a wide enough spectral width in coj to avoid aliasing of the wings of any peaks. After 
the regular 2D processing, the spectra were postprocessed to avoid dispersive sidebands by 
adding the top quarter of the spectrum to the second quarter from the bottom and the bottom 
quarter to the second quarter from the top. The two central quarters are displayed, 
corresponding to a spectral width of cor and thus to a sideband-free coi dimension. A few 
spectra were acquired with a strong 19F Tj filter of 200 tr = 6.67 ms duration applied before 
the evolution period in order to select the signal of the most mobile segments. The regular 2D 
experiments required 2.7 h. each and the 19F-19F exchange spectra with T2 filter 21 h. each. 
The !3C-19F correlation spectra were acquired with a CP contact time of 1.5 ms with a 
linear ramp on 19F from 80% to 100% at a spinning frequency of 28 kHz. The number of 
increments in t\ was 32 in a low-resolution, high-sensitivity experiment and 80 in a high-
resolution experiment, with a t\ dwell time of tJ2 = 17.86 (is. Both cosine and sine data sets 
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were recorded for each t\ increment. The 19F and 13C 90° pulse lengths were 3.1 and 2.75 jas, 
respectively, and the acquisition time was 20.5 ms. The recycle delay was 2 s, and the 
experiments took 23 h. each. Pulse sequences for the 2D experiments are shown in Figure 6.2. 
For experiment-based deconvolutions of the one-dimensional 19F and 13C spectra, the 
MestRe-C software22 was used. It permits input of experimentally determined information 
on peak positions, widths, and heights (integrals). 
Results and Discussion 
Figure 6.1b displays the experimental peak integrals for the 19F NMR spectrum, with 
the integral of the right-most peak set to 1.0. The traditional assignment,15'16 obtained 
originally from spectra that were not sufficiently resolved to permit reliable peak integration, 
is indicated in Figure 6.1c, together with the corresponding peak areas in the third row. The 
new assignment proposed in this paper is shown in Figure 6. Id. The resulting peak integrals 
agree quite well with the experimental values. In the following, we will present the 
experiments from which this new assignment was derived, using the pulse sequences shown 
in Figure 6.2. 
CF3 and CF Signal Assignment. We can assign several of the 19F NMR resonances 
through correlation of the 19F peaks with the signals of 13C sites to which they are bonded, 
using the 19F-I3C pulse sequence of Figure 6.2a. We have shown that the l3C spectrum 
contains one more resolved signal than the 19F spectrum and that it is quite amenable to 
spectral editing. As indicated in Figure 6.3a, the number of fluorines bonded to a given 
carbon was previously determined by us17 using the fluorine equivalent of the attached 
proton test.23 In particular, this distinguishes CF groups unambiguously from CF2 moieties. 
Using the 19F-13C correlation spectra of Figure 6.3, these assignments can be converted into 
I9F assignments in terms of CF3, CF2, and CF groups. Note in particular that a broad peak in 
Figure 6.3a clearly correlates the CF signal at 108 ppm in the 13C dimension with the -138-
ppm peak in the 19F spectrum, which was previously assigned to a CF2 group,15'16 which is 
now seen to be incorrect. 
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Figure 6.3 (a) l3C-'9F heteronuclear correlation spectrum obtained with the sequence of 
Figure 6.2a at 28 kHz MAS, with acquisition and processing optimized for detection of low 
broad peaks, at the expense of signal resolution. The one-dimensional spectrum shown on the 
right is the regular 1 F NMR spectrum, (b) Same as in (a), but from a different data set 
measured with full resolution. In the l3C spectra at the top of the spectra, assignments to CF„ 
groups as previously obtained by us17 are indicated. 
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Figure 6.4 Representative two-dimensional l9F exchange NMR spectra at ur = 30 kHz with 
RFDR pulses during the mixing time, using the pulse sequence of Figure 6.2b. Mixing times: 
(a) 0.80 ms; (b) 4.3 ms. Forty contour lines from 0.15% to 6% of the maximum intensity are 
plotted. 
Figure 6.4 exhibits contour plots of 2D exchange 19F NMR spectra of Nation, taken at 
a spinning frequency of 30 kHz with the pulse sequence of Figure 6.2b. In particular, radio-
frequency driven recoupling (RFDR) by one composite 7t-pulse per rotation period18'19 was 
applied during the mixing time tm to speed up the 19F spin exchange. The two spectra shown 
are representative of a series of 2D spectra obtained with 11 mixing times between 0.133 and 
8.5 ms. Cross sections at the positions of the peaks in coi are presented in Figure 6.5 for three 
mixing times. The cross-peaks show the proximities of the various 19F sites. Cross-peaks 
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between fluorines in neighboring segments will be particularly strong. Nevertheless, cross-
peaks are also observed between more distant segments. These could arise from direct 
through-space contacts or multiple transfer steps (19F spin diffusion). We believe that for < 
1 ms they mostly represent direct through-space contacts: at the short mixing times, all cross-
peaks are small and indirect transfer peaks should be small of second order. 
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Figure 6.5 One-dimensional cross sections from 2D l9F exchange spectra as shown in Figure 
6.4, with mixing times of 0.27 ms (left column), 0.80 ms (center column), and 4.3 ms (right 
column). The co, positions of the cross sections (a-e) are indicated. Diagonal peaks are labeled 
by "D" and a thicker line. Peak widths and relative intensities are more easily recognizable 
here than in the contour plots of Figure 6.4. 
The cross-peaks observed in Figure 6.4 enable us to assign the two CF signals at -138 
and -144 ppm to the backbone and side group, respectively. The strong cross-peaks between 
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the side-group peak at -80 ppm and the OCF signal at -144 ppm, seen both in the contour 
plots of Figure 6.4 and in the cross sections of Figure 6.5a, e, show that the latter is part of 
the side group. Conversely, the cross-peak between the backbone signals at -117 and -122 
ppm and the -138 ppm of CF signal is more intense (in terms of integrated intensity) than that 
of the other CF peak (see Figures 6.4 and 6.5b, d), assigning the downfield (i.e., left) CF peak 
to the branch point in the backbone. 
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Figure 6.6 Mixing time dependence of CF-group cross-peak intensities in series of two-
dimensional l9F exchange NMR spectra acquired at 30 kHz (for examples see Figures 6.4 and 
6.5). (a) Peak areas in the cross section at -144 ppm; (b) peak areas in the cross section at -138 
ppm. The plots show the fraction of the peak area in cross sections as shown in Figure 6.5, 
divided by the fractional area in the ID spectrum without selection. Thus, the value reached 
after full equilibration is unity for each peak. Full symbols: side group; open symbols: 
backbone sites. 
98 
To enable a more quantitative analysis of the exchange processes, Figure 6.6 shows 
the tm dependence of the integrated peak intensities in the cross sections at coi = -144 and -
138 ppm. The long-time intensity of each peak is normalized to unity. This is achieved by 
dividing the fraction of the area of a given peak in a given cross section by the fractional area 
of that peak in the 1D spectrum without selection. This normalization corresponds to the 
magnetization per fluorine at a given mixing time, if the final magnetization per fluorine is 
equal to unity. The -144 ppm peak is seen to transfer its magnetization most quickly to side-
group fluorines, while the -138 ppm peak shows faster spin diffusion to fluorines in the 
backbone. This proves the location of the CF moieties in the side group and backbone, 
respectively. 
Confirmation of this assignment is also found in the 13C-19F spectrum in Figure 6.3a, 
which contains indications of two weak cross-peaks, near the upper right and lower left 
corners of the spectrum, between the upfield OCF signal and the CF3 fluorine signal, which 
again identify the peak at -144 ppm as the side group OCF. 
OCF2 Peak Assignment. Next, we need to determine the assignment of the CF2 
resonances. The repeat unit contains two OCF2 groups and one SCF2 moiety. Two of these 
resonate near 117 ppm in the 13C spectrum and near -80 ppm in the l9F spectrum, according 
to the 19F-!3C HETCOR spectra of Figure 6.3, the attached-fluorine test in ref 17, and the 13C 
and 19F peak integrals. Their similar, downfield chemical shifts in both 19F and 13C spectra 
indicate that these two are the two OCF2 groups. This is in agreement with the previous 
assignment.15,16 The line shape of the band near 117 ppm in the 13C spectrum indicates a 
superposition of a broad and a narrow band; we assign the narrower peak to the OCF2 near 
the end of the side group and the broader to the OCF2 near the branch point (see below). 
Note that the HETCOR spectrum separates these OCF2 signals from the CF3 resonance, 
which permits the position of the narrower OCF2 resonance to be determined more accurately 
than from the ID 19F NMR spectrum. 
SCF2 Peak Assignment. Where is the signal of the SCF2 segment? According to the 
electronegativities of sulfur, carbon, and oxygen (2.5, 2.5, and 3.5, respectively), we should 
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look for the SCF2 resonance between the OCF2 and the CCFz signals in both the 19F and the 
13C spectrum and most likely closer to the CCF? signal. Indeed, the HETCOR spectrum of 
Figure 6.3b shows a distinct, sharp peak at -117 ppm (l9F) and 112 ppm (13C), with a shape 
and intensity very similar to that of the CF3 resonance. We will show in the following that 
this must be the SCF2 signal. 
The -117-ppm signal of the 19F spectrum has traditionally been assigned to the four 
fluorines of the backbone CF? groups next to the OCF branch point.15,16 We concur with this 
assignment but note that the peak's integral corresponds to 5.4 fluorines (see Figure 6.1), 
indicating that another CF] group contributes to this signal. Potentially, this could be due to 
one "amorphous" CF2 group per repeat unit, as was suggested in ref 15. However, with such 
an assignment the SCF2 signal would still be missing. 
To provide a positive proof that this is the SCF2 signal, we show that this site is close 
to an OCF2 segment, while not being in close spin-diffusion contact with the backbone sites 
at -122 ppm. To remove the overlapping signals of the backbone CF2 groups next to the CF 
branch point, we select the SCF2 signal by a 19F transverse relaxation time (Ty filter. The T2 
relaxation time of the SCF2 fluorines is expected to be relatively long for two reasons: (i) 
mobility of the end of the side groups can be expected to be high, and (ii) the fluorine density 
near this group is lower than near the other CF2 groups, given that it is flanked by the 
fluorine-less SO3 and a single OCF2 group. Figure 6.7a shows the ^-filtered l9F spectrum of 
Nafion, which retains signals at -80, -117, and -122 ppm. These are assigned to CF3, SCF2, 
and some backbone CF2 groups, respectively. The surprisingly long T2 of some of the 
backbone CF2 groups, at -122 ppm, will be discussed in a future publication. 
The same Ti selection was applied in the first dimension of a 19F 2D exchange 
experiment with RFDR homonuclear recoupling. Thus, a cross section at co 1 = -117 ppm 
shows cross-peaks only of segments in dipolar or spin-diffusion contact with the mobile CF2 
group resonating at -117 ppm (which we will show to be the SCF2 group). The largest cross-
peak is observed at ca. -80 ppm (see Figure 6.8a, b). Its 1.0 kHz width is clearly larger than 
that of the CF3 signal (0.6 kHz), proving that this is predominantly an OCF2 signal. No 
100 
significant cross-peaks to the CF signals are observed. Thus, we have shown that the long-7a 
CF2 group is near an OCF2 group and not close to the branch point or side-group CF sites. 
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Figure 6.7 (a) One-dimensional 72-filtered l9F spectrum with 2N = 200 rotation periods of 
total filter time (6.67 ms). The signals of the most mobile segments are selected, (b, c) Two-
dimensional l9F exchange NMR spectra after a 2x = 6.67 ms l9F T2 filter before the evolution 
period (2N = 200 rotation periods in the pulse sequence of Figure 6.2b). During the mixing 
time, RFDR homonuclear recoupling was applied. Note that due to the T2 selection in coi, the 
2D spectra are expected to be asymmetric. Forty contour lines from 2% to 80% of the 
maximum intensity are plotted. 
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Figure 6.8 Cross sections from three r2-filtered 19F 2D exchange spectra, taken at the three 
long-72 peaks in w, as indicated (a-c). Mixing times: 0.80 ms (left column), 1.6 ms (center 
column), and 3.2 ms (right column). 
The cross sections of Figure 6.8b also exhibit significant cross-peaks from the SCF2 
to the backbone fluorines. However, this does not indicate particularly close proximity of the 
^-selected CF2 groups to the backbone. The intensity of this peak, relative to the large 
equilibrium value, is actually quite small. Otherwise put, the cross-peak between a small 
signal and a large signal, like the backbone CF2, will be quite large due to the large number 
of backbone CF2 sites contributing to the peak, even if each individual transfer rate is small. 
This is confirmed by observing that the CFs cross sections of Figure 6.8c show similarly 
large cross-peaks to the backbone CF2. 
Plots of the cross-peak intensity as a function of the mixing time (Figures 6.9 and 
6.10) show the spin-exchange dynamics quantitatively. They display the mixing-time 
dependence of the diagonal and cross-peaks, with the long-time intensity of each peak 
normalized to unity as described above. Figure 6.9 shows the data obtained after the 72 filter 
and Figure 6.10 the corresponding unfiltered data (from 2D spectra as shown in Figure 6.4) 
102 
for reference. Spin diffusion from the -80 ppm side-group fluorines (Figures 6.9b and 6.10b) 
shows fast transfer to other side-group sites and only slow transfer to the backbone. Similarly, 
the SCF] magnetization in Figure 6.9b is seen to transfer most quickly to side-group fluorines, 
confirming that the -117 ppm, long-Ti CF] groups are indeed located in the side group. In 
contrast, the spin diffusion from the unfiltered -117 ppm peak (Figure 6.10b), which contains 
a majority of backbone fluorines, occurs most quickly to backbone sites. Another example of 
spin diffusion from the backbone is shown in Figure 6.6b for the CF branch point. 
Figure 6.9 Mixing time dependence of cross-peak intensities in series of 7r filtered two-
dimensional 19F exchange NMR spectra acquired at 30 kHz (for examples see Figures 6.7 and 
6.8). (a) Peak areas in the cross section at -80 ppm; (b) peak areas in the cross section at -117 
ppm. The plots show the fraction of the peak area in cross sections as shown in Figure 6.8, 
divided by the fractional area in the ID spectrum without selection. Full symbols: side group; 
open symbols: backbone sites. 
Close inspection of the curves in Figures 6.9, 6.10, and 6.6 shows slower transfer 
rates from the SCF2 than from the other sites; we attribute this to motional averaging of F-F 
lVfiltered 
s 6r, 
l 
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dipolar couplings in the mobile end of the side group. The ^-filtered -117 ppm fluorine 
shows the slowest transfer to the backbone (-CF2-),, among all the data shown in Figures 6.6, 
6.9, and 6.10, confirming its position near the end of the side group. 
30 kHz MAS 
RFDR during t  
-A— CF( b )  
- /-v 
7 
0 
6 
'oo 
-117 ppm 
4 
CFi+OC 
3 
0 
0 1 4 6 8 ms 
Figure 6.10 Mixing time dependence of cross-peak intensities in series of (unfiltered) 2D l9F 
exchange NMR spectra acquired at 30 kHz with RFDR recoupling (examples are shown in 
Figures 6.4 and 6.5). (a) Peak areas in the cross section at -80 ppm; (b) peak areas in the cross 
section at -117 ppm. Normalization and symbols are the same as in Figure 6.9. 
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Comparison with Previous Assignments. Previous 19F NMR assignments were 
based on comparisons with a small number of model compounds.16 Peak resolution in this 
early solution NMR study was insufficient to provide accurate peak integrals. When higher 
fields had become available, the inconsistent area of the -117 ppm peak was explained in 
terms of an amorphous-backbone contribution.15 Nevertheless, the factor-of-2 inconsistency 
between peak areas in the previous assignment and the experimental integrals of the CF3 plus 
OCF2 peak at ca. -80 ppm relative to the signals at -138 and -144 ppm is striking (see Figure 
6.1). Our assignments of the two latter signals to the CF groups are unambiguous, being 
supported both by clear cross-peaks in the HETCOR spectrum of Figure 6.3a and by the peak 
integrals. Our detection of a side-group (SCF2) peak at -117 ppm where only backbone 
signals had been assigned changes the interpretation of the amorphous-crystalline phase 
structure proposed in ref 15. Generally, we note that all the resonance positions in the 13C 
spectrum of Nation follow the trend expected based on the electronegativity of the three 
substituents of the carbon observed. The electronegativity also accounts for the similar trends 
in the i9F spectrum. As a result, the positions of peaks in the 2D HETCOR spectra of Figure 
6.3 follow a simple trend. 
While the assignment of the peak near -80 ppm to CF3 and OCF2 groups has not 
changed, we have now been able to determine the relative 19F NMR peak position of these 
unresolved signals and seen indications of inhomogeneous line broadening of the signal of 
the OCF2 group nearest to the backbone. 
Widths of Resonances. On the basis of a reliable peak assignment and the cross 
sections from the 2D 19F exchange spectra, we can proceed to interpret the differences in 
signal line widths in terms of conformational disorder and dynamics. We can combine the 
peak-width information on both 19F and 13C NMR peaks, which strengthens the argument. 
Figure 6.11 and Table 6.1a summarize the information on Nafion 19F peak positions, areas, 
and widths obtained from the various 2D spectra presented in this work. 
A significant broadening of the backbone CF signal relative to the other peaks is 
observed in both the 19F and 13C NMR spectra; see Figures 6.1 and 6.3 (or Figures 6.1 Id and 
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6.12a). In the 2D spectrum of Figure 6.4a, this signal exhibits an extended peak shape along 
the diagonal, which proves that this resonance is inhomogeneously broadened. This indicates 
a distribution of local environments that do not interconvert on the NMR time scale (0.1 ms). 
While the broad peaks from sites near the branch point are not resolved in the standard ID 
spectrum, the 19F 2D exchange spectra provide convincing experimental evidence for their 
existence. To emphasize this, Figure 6.1 la displays the spectrum of the sites near the branch 
point (Figure 6.5d at short mixing time) on the same scale as the regular ID spectrum. Three 
broad resonances of sites near the branch point are observed selectively, without significant 
overlap from the otherwise dominant narrow resonances. Fluorine-fluorine /-couplings are 
<0.22 kHz (<0.6 ppm) and therefore do not contribute significantly to the observed line 
widths. 
The -80 ppm peak in Figure 6.1 la shows a bimodal shape, with a major 2.1 kHz wide 
and a minor narrow component. These are assigned to the OCF2 and CF3 groups, respectively. 
The large width of the OCF2 signal indicates similar static conformational disorder as 
observed for the CF branch point itself. A hint of a corresponding inhomogeneously 
broadened OCF2 signal is observed in the lower left corner of the 2D exchange spectrum of 
Figure 6.4, where a ridge along the diagonal is detectable. Similarly, the 13C line width of the 
signal of one of the OCF2 groups resonating near +116.5 ppm appears to be rather large in 
the 13C spectrum at the top of Figure 6.3b. 
It is interesting to observe that in Figure 6.5b, d the line width of the 19F NMR cross-
peak at -122 ppm (0.9-1.1 kHz) at short mixing times is clearly larger than that of the total -
122 ppm peak in the ID spectrum (0.6 kHz). Figure 6.1 lb, d provides a direct comparison of 
these signals. In spectra of Figure 6.5b, d the magnetization originates predominantly at or 
near the branch point. This indicates a larger degree of disorder-chemical or physical-among 
the CF2 backbone groups near the branch point. Given that the signal at -117 ppm reflects 
two backbone CF2 groups, the 1:2 area ratio of the broad peaks near -117 and -122 ppm in 
Figure 6.5d for tm = 0.8 ms shows that the disorder affects at least four other CF2 groups near 
the average branch point. In other words, the average branch point is flanked by at least three 
CF2 groups on either side that are conformational^ disordered. 
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Figure 6.11 Deconvolution of the 19F NMR spectrum of Nafion based on peak positions and 
widths in cross sections from 2D spectra presented in this work, (a) Slice from a 2D exchange 
spectrum at the branch point CF resonance in (o, (Figure 6.5d for tm = 0.27 ms). It clearly 
shows the broad resonances of sites near the branch point, including the neighboring OCF2 
group. The diagonal peak at -138 ppm, whose width is only a fraction of the full 
inhomogeneous width of that signal, has been clipped, (b) Slice from a 72-filtered 2D 
exchange spectrum at the SCF2 resonance in coi (Figure 6.8b for tm = 0.8 ms). It shows the 
resonance of the OCF2 group near the end of the side group selectively, (c) r2-filtered 19F 
NMR spectrum of Figure 6.7a, revealing the signals of sites nearest to the ends of the side 
group, and of the most ordered backbone sites, (d) Fit of the ID l9F NMR spectrum of Nafion 
based on the peak positions and widths in (a-c). Dashed line: experimental spectrum. Top 
traces: two-folded vertically expanded plots, without backbone-CF2 fit components, (e) 
Widths (full widths at half-maximum) of 19F NMR peaks at 30 kHz MAS for the various sites 
in Nafion. The line broadening in excess of 0.6 kHz has been shown to be inhomogeneous in 
nature. Therefore, the width of the broader peaks should be considered in ppm. To convert to 
ppm, multiply the given numbers by 2.66 ppm/kHz. Error margins are listed in Table 6.1a. 
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Table 6.1 Parameters of the Experiment-Based Deconvolution of the l9F and l3C NMR 
Spectra of Nafion: (a) l9F NMR Peaks; (b) l3C NMR Peaks". " Lor:Gauss refers to the 
Lorentzian:Gaussian ratio in the peak shape. 
(a) "F CF3 OCF2 SCF2 (CF,). CF(b) CF(s) 
Rcl.intensity 3 2 2 2 4 4 4 8 1 1 
Position(ppm) -80.4 -80.1 -79.9 -117.1 -118.2 -121.4 • 121.4 -121.9 • 122.1 • 138.4 -143.8 
Width (kHz) 0.4610.03 2.06±0.2 0.95±0.09 0.54*0.05 1,3*0.2 1.2*0.2 0.8*0.2 0.7*0.1 0.4*0.08 1.5*0.1 0.77*0.03 
Lor/Gauss 0.8 0 0 0.2 1.0 0,4 0.4 0.0 0.7 0.7 0.4 
(b) IJC 
Rcl intensity 1 1 I 1 2 2 2 4 4 1 I 
Position(ppm) 117.90 116.73 117.02 112.24 111.79 111.41 111.26 111.25 111.25 108.10 102.94 
width (ppm) 0.26±0.03 1.1*0.2 0.50*0.06 0.37*0.06 1.35*0.3 0.9*0.1 0.6*0.1 0.4*0.08 0.26*0.05 1.4*0.2 0.49*0.04 
Lor/Gauss I 0.5 0.8 0.6 1.0 0 1.0 0 0.4 0 1.0 
Since the copolymerization of Nafion is random, we need to consider whether the line 
broadening of sites near the branch point can be attributed to "sequence effects", i.e., the 
proximity of another branch point to the one that we are observing. The statistical probability 
of a monomer units being branched is 1:(6.5 + 1) = 13%. To calculate the probability of 
finding another branchpoint near the one observed in our spectra, we first consider a 
branched monomer unit and its two monomer neighbors. Each neighbor has a statistical 
probability of 13% of being branched, and the probability of two branched neighbors is 0.132 
= 2%. Thus, the probability of not having a branched neighbor within three bonds from the 
branch point on one side, and within two bonds on the other, is 100% - 2 13% - 2% = 72%. 
We obtain the simpler probability of not having a branched neighbor within three bonds from 
the branch point (on either side), which is 66%, by including half of another monomer unit 
on the "two-bond side" from the branch point (along the backbone), which has a probability 
of 13%/2 = 6.5% of containing a branch point. 
The OCF2 group is separated from the branch point by two bonds, and thus its 
probability of having another branch point five or more bonds away is 67%. Since significant 
chemical shift effects do not extend over five or more bonds, we conclude that for this group 
in particular, the significant line broadening of 1.1 and 5.5 ppm observed in 13C and 19F 
NMR, respectively, is not due to sequence effects. 
For the CF2 groups near the branch point, the statistical presence of nearby branch 
points is less than for the CF branch point itself, since that branch point permits close 
proximity of another branch point only on one side. The probability of another branch point 
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being three or more bonds away from these CF2 groups is 72%. 13C chemical shift 
simulations indicate that the dispersion of chemical shifts resulting from branch points that 
are three or more bonds away is small, <0.2 ppm, which is less than the smallest 13C line 
width observed here. 
The peaks from the side group (CF, CF3, and SCF2) are quite narrow. The signal of 
the OCF2 group near the end of the side group is observed selectively in the SCF2 slice of a 
72-filtered 2D exchange spectrum (see Figures 6.7a or 6.1 lc), which displays sharp CF3 and 
SCF2 signals at -80 and -117 ppm, respectively. The reduced widths indicate that these 
segments are quite mobile, with fast exchange between the various possible conformations 
resulting in a similar average chemical shift for sites in different side groups. This 
conformational mobility is not consistent with a rigid structure up to the CF2-S moiety, which 
was suggested in a recent simulation of the Nafion side group.24 A more detailed 
experimental analysis of the mobility by means of anisotropic interactions, and the effect of 
water, will be presented in a later publication. 
Synopsis. Figure 6.1 Id, e summarizes the information on Nafion 19F peak positions, 
areas, and widths obtained from the various 2D spectra presented in this work. In Figure 
6.1 Id, the best fit of the 19F spectrum and its component peaks are shown and compared with 
the experimental spectrum (dotted line). Figure 6.1 le and Table la present the widths of 19F 
resonances obtained from this analysis. The large inhomogeneous line widths for sites near 
the branch point, which are of the order of 1.5 kHz or 4 ppm, clearly reveal static disorder in 
that part of the structure, which is seen to extend from the branch point over two bonds in all 
three directions. 
Figure 6.12 and Table 6.1b provide a similar analysis of the 13C peak positions and 
widths. A deconvolution of the 13C spectrum (Figure 6.12a) was performed on the basis of 
the known peak areas and on the cross sections from the HETCOR spectrum of Figure 6.3b, 
several of which are shown in Figure 6.12b. Figure 6.12c shows that, as with i9F signals, 
increased line widths are observed for sites near the branch point, including the neighboring 
OCF2 group. Figure 6.13 shows a plot correlating the 19F and 13C line widths found, 
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confirming the similar trends. It is interesting to note that the observed 4.2:1 ratio of the 19F 
and 13C ppm values, reflected in the slope of the best-fit straight line in Figure 6.13, closely 
matches the 63 ppm: 15 ppm = 4.2:1 ratio of the ranges of the isotropic peak positions in the 
19F and 13C spectra of Nafion. 
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Figure 6.12 (a) Fit of the ID l3C NMR spectrum of Nafion, obtained under 28-kHz MAS and 
presented first in our previous publication17 (dashed line), deconvoluted based on the peak 
assignments obtained in this work. For overlapping peaks, the deconvolution is based on the 
peak positions and widths extracted from the HETCOR spectrum of Figure 6.3b. Relevant 
parts of cross sections from that spectrum are shown in (b). (c) Widths (full widths at half-
maximum) of l3C NMR peaks at 28-kHz MAS for the various sites in Nafion as used in the fit 
in (a). Values assigned to specific sites with certainty are given in bold. Error margins are 
listed in Table lb. 
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Figure 6.13 Correlation plot of l9F and l3C NMR line widths as listed in Table 1. Side-group 
sites are shown as filled symbols and backbone sites as open symbols. A best-fit straight line 
is shown as a guide to the eye. 
The data in Table 1 indicate that the intensity of two CF2 groups per repeat unit is 
missing from the 19F NMR CF% backbone resonance, while the intensity ratios expected on 
the basis of the ion-exchange capacity are observed in the 13C spectrum. The reason for the 
missing l9F NMR intensity is unclear. It is not due to spinning sidebands, which represent a 
minor signal fraction and were considered in the analysis. Possibly, certain backbone sites 
are in an intermediate motional regime where the large 19F CSA and dipolar coupling results 
in a very short T2 relaxation time which broadens the signal beyond detectability. 
The small width of the main (-CF2-),, backbone resonance in both 19F and 13C NMR 
spectra (33 Hz in the latter), and the agreement with the peak position of PTFE, indicates that 
major portions of the backbone form conformationally ordered helices as found in PTFE. In 
contrast, the inhomogeneous broadening of 13C NMR backbone-CH2 resonances in glassy 
polymers is several hundred hertz (e.g., polystyrene: 103 Hz; poly(ethyl methacrylate): 3 * 
102 Hz) due to the various conformational and packing environments. The related dynamics 
and packing of the Nafion backbone helices will be further elucidated in a subsequent paper. 
I l l  
Implications for Segmental Dynamics. As discussed above, the 19F and 13C line 
widths have revealed relatively static disorder near the branch site and mobility of the ends of 
the side groups. In previous investigations of Nafion, due to the incorrect assignment of the 
broad signal at -138 ppm and the failure to separate the true SCF2 signal at -117 ppm, this 
conclusion could not be reached. Our data also indicate large-amplitude rotational dynamics 
of the (-CF2-CF2-)„ backbone, which will be proven and discussed in a future publication. 
The corrected assignment means that some of the conclusions about backbone 
dynamics in relatively dry and in swollen Nafion as proposed in ref 15 should be revised. 
The signal of the mobile side group SCF2 moiety at -117 ppm was incorrectly interpreted as 
amorphous CF2 in the backbone. According to our study, no amorphous backbone CF2 with 
nearly isotropic mobility is present in Nafion at ambient humidity. 
Conclusions 
The 19F and 13C NMR signals of the perfluorinated ionomer, Nafion, have been 
assigned on the basis of various two-dimensional NMR spectra. In combination with our 
previous 13C spectral editing based on one-bond 19F-I3C /-couplings, the one-bond 19F-13C 
heteronuclear correlation clearly identifies the 19F signals of the two CF groups in the repeat 
unit. The 19F NMR backbone and side group CF sites are assigned unambiguously to the 
signals at -138 and -144 ppm, respectively, on the basis of cross-peaks in 19F spin exchange 
spectra with RFDR recoupling during the mixing time. The CF3 and OCF2 signals, near -80.4 
and -79.8 ppm, are clearly resolved in the 13C dimension of the HETCOR spectrum. On the 
basis of its high mobility, the SCF2 site near the end of the side group is selected by means of 
a 19F T2 filter, and its identity is confirmed by its proximity to the more mobile of the two 
OCF2 groups. Cross sections from the 2D spectra, combined with r2 filtering, provide the 19F 
and 13C peak positions and widths of all side group and several backbone sites. These data 
are confirmed and refined by fits of the ID 19F and 13C NMR spectra. Relatively static 
disorder near the branch point and increased mobility near the ends of the side group is 
revealed by the differential line broadening of the 19F and 13C NMR signals. The position and 
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small width of the peak of the backbone CF2 groups in both the 13C and the 19F spectrum 
indicate straight, PTFE-like helices between the branch points. 
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Chapter 7 
CHAIN DYNAMICS IN A PERFLUORINATED IONOMER 
(NAFION) FROM SOLID-STATE NMR 
Q. Chen, K. Schmidt-Rohr 
A paper to be submitted to Macromolecules 
Abstract 
The chain dynamics of a perfluorinated ionomer, Nafion, have been studied by 
various l9F and 13C solid-state NMR experiments. The backbone of Nafion is essentially 
polytetrafluoroethylene (PTFE, Teflon®), which was investigated for reference. The fast 
uniaxial rotation of the helical backbone around the chain axis is confirmed in PTFE and 
observed similarly in Nafion, in terms of a motionally reduced C-F dipolar splitting, as well 
as uniaxial 19F and 13C chemical shift anisotropics (CSAs), which are parallel to each other. 
Isotropic-anisotropic chemical shift correlation spectra reveal the motional differences of the 
various sites in Nafion. The motionally averaged 19F CSA parameter ( 5 ) of the various sites 
in Nafion were measured by the CSA dephasing technique, and the effects of absorbed water 
on segmental motion are also illustrated. 
Introduction 
Nafion, a perfluorinated ionomer, is widely used as a polymer-electrolyte or proton-
exchange membrane (PEM) in all-solid H2/O2 fuel cells.13 It combines a hydrophobic 
PTFE-like backbone with a hydrophilic sidechain containing perfluorinated ethers ending 
with ionizable sulfonate group, see Figure 7.1. 
—-((CFz-CFzks-ÇF—CFz)n 
O—CF2-CF—O—CF2-CF2-SO3H 
CF3 
Figure 7.1 Chemical formula of Nafion 117 in the sulfonic acid form 
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Although numerous efforts have been made to understand the relations between 
microscopic structure and dynamics, and macroscopic properties, such as morphology, 
conductivity and permselectivity of Nafion, there are still different or even opposing opinions 
on Nafion.4"10 Much experimental and theoretical research effort has been focused on the 
interpretation of the "ionomer peak" in the scattering profile. It is agreed that this scattering 
is clearly due to nanometer-scale clusters involving the ionic sidegroups and the absorbed 
water. However, many details remain controversial, such as the shape, size, and distribution 
of the clusters.11"18 Even the degree of crystallinity of Nafion 1100 is controversial, with 
proposed values between 0 and 25%.2,11,19"23 Still less is known about the backbone 
conformation,20,24,25 packing,20'26"28 and dynamics,6 even though these parameters may 
strongly influence the supramolecular organization, which in turn affects the conductivity, 
transportation, selectivity and mechanical properties of Nafion membranes. 
In this paper, we report the investigation of segmental dynamics in Nafion by various 
19F and l3C NMR techniques. We have shown previously by high-resolution 13C NMR that 
the Nafion backbones exhibit similar conformational order as PTFE.29'30 In the present 
study, fast uniaxial rotations are shown to occur in Nafion as in PTFE. The fast uniaxial 
motions reduce the 13C-I9F dipolar couplings by a factor of two, and produce characteristic 
"uniaxial" 19F and 13C chemical-shift powder patterns. The dipolar coupling splitting and 
chemical shift powder pattern are compared between PTFE and Nafion. Iso-anisotropic 
chemical shift 2D separation NMR reveals the different segment motions in Nafion and 
chemical shift anisotropy (CSA, 5 ) dephasing of different sites in Nafion provides 
quantifiable information on motional amplitudes. The hydration effects on the mobilities of 
different Nafion segments are measured similarly. 
Experimental 
Samples. The DuPont Nafion ionomer was purchased in the form of commercial 
fuel-cell-quality Nafion 117 film, with the equivalent weight of 1100, in the protonated form. 
The membrane was tightly rolled into a cylinder or cut into circular wafers that fit snugly into 
the rotor and kept in a desiccator when out of the NMR spectrometer. Nevertheless, *H 
NMR shows that the sample had absorbed some water from the atmosphere. This desiccator-
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reserved sample was referred as 'dry Nafion' or just 'Nafion' afterwards, whereas the 'wet 
Nafion', rinsed with deionized water before packing, was always kept in deionized water 
when out of the NMR spectrometer. 
PTFE, polytetrafluoroethylene, is the normally used PTFE sealing tape, which is a 
highly crystalline material. PCTFE, poly(chlorotrifluoroethylene), known as Kel-F, was 
purchased from McMaster-Carr. They were packed into the rotor without further treatment. 
They were also kept in a desiccator when out of the NMR spectrometer. 
NMR. All the NMR experiments were performed at 100 MHz for 13C and 376 MHz 
for 19F on a Bruker DSX-400 spectrometer at 9.4T. All samples were packed in the NMR 
rotors with Kel-F (4-mm and 7-mm rotor) or Vespel end-caps (2.5-mm rotor). 19F spectra 
were referenced to PTFE signal as -122 ppm, and 13C spectra were referenced to glycine 
carbonyl signal as 176.4 ppm. 
The l3C-19F 2D separated local field31 experiments for measuring the l3C-l9F 
heteronuclear dipolar coupling strength were performed in a Bruker 4-mm X-H/F double 
resonance wide-bore probehead with the pulse sequence of Figure 7.2a. The four l3C 90° 
pulses destroy the residual 13C signal before every scan. The l9F magnetization starts with 
the 90° excitation pulse (3.8 (is) and evolves under the l3C-19F heteronuclear dipolar 
coupling, where the homonuclear 19F-19F dipolar coupling is decoupled by MREV-832"34 with 
an irradiation strength of yBi/2% = 60 kHz. The 19F 180° pulse refocuses the chemical shift 
evolution during ti and the 13C 180° pulse (7 ps) prevents the focusing of the dipolar 
evolution by the 19F 180° pulse. The cross-polarization (CP) contact time was set to 80 |is 
for local magnetization transfer. Broadband C0MAR0235 19F decoupling was applied near 
the maximum of the 19F powder spectrum and the strength was set to yBi/2n = 50 kHz. The 
ti increment was one MREV-8 block (50.4 jj.s) and the dwell time of t2 dimension was 5 ps. 
The static 19F NMR experiments were performed in a Bruker 4-mm CRAMPS wide-
bore probehead with the pulse sequence of Figure 7.2b. The 19F magnetization starts after a 
90° excitation pulse (2.3 jj,s) and then evolves under the 19F chemical shift in the ti 
dimension. The homonuclear 19F-19F dipolar interaction was decoupled with MREV-832"34 
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with irradiation of yBi/2n = 96 kHz. The 45° pulse tilted the magnetization from the 
effective field of MREV-8 back to x-y plane and the signal was detected after the 90° pulse. 
The t, increment was one block of MREV-8 cycle (31.2 jas) and the dwell time in the t2 
dimension was 4 jas. The spectra presented are the ID sum projection on the a>i dimension 
of the 2D spectra. 
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Figure 7.2 Pulse sequences with static sample, (a) Separated local field NMR for C-F dipolar 
coupling-chemical shift correlation. MREV-8 is used for homonuclear decoupling, 
COMARG2 for broadband heteronuclear decoupling, and CP stands for cross polarization, (b) 
Pulse sequence for measurement of the 19F chemical shift powder pattern in the indirect 
dimension, also for 19F spinning sidebands at low MAS of 2.5 kHz. MREV-8 is applied in the 
indirect dimension for homonuclear decoupling, (c) Measurement of the 13C chemical shift 
powder pattern with C0MAR02 applied for heteronuclear decoupling, (d) Pseudo-2D l3C-
I9F chemical shift correlation NMR for fluoropolymers. The continuous wave (CW) 
decoupling position (Q,) is systematically incremented across the full range of the L9F 
chemical shift frequencies. The Hahn spin echo before detection suppresses poorly decoupled 
components. 
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The static 13C NMR experiments were performed with a Bruker 4-mm X-H/F double 
resonance wide-bore probehead with the pulse sequence of Figure 7.2c. The 19F 
magnetization excited by a 90° pulse (4.4 ps) was transferred to 13C magnetization with the 
CP contact time of 500 jus and then the 13C signal was detected with 19F C0MAR02 
decoupling35 at strength of yBi/2jt = 50 kHz. The 13C NMR spectra at 2.3 kHz magical-angle 
spinning (MAS) for isotropic chemical shift reference were acquired with the same pulse 
sequence. All spectra were acquired with a dwell time of 5 jas. 
The static pseudo-2D 13C-19F chemical shift correlation experiments were performed 
in a Bruker 7-mm X-H double resonance wide-bore probehead modified for 19F channel 
decoupling with the pulse sequence of Figure 7.2d. This is a modification of the pulse 
sequence of Figure 7.2c with 19F continuous wave (CW) decoupling at different frequencies 
and a Hahn spin echo for suppressing poorly decoupled components.36 The CP contact time 
was 400 |j.s for Kel-F, PTFE, and Nafion, while the CW decoupling irradiation was 
systematically swept across the 19F CF; spectrum. All spectra were acquired with a dwell 
time of 5 (as. The spectra are presented as the contour plots of a series of stacked ID spectra 
at different 19F CW decoupling positions (Qi). 
The spectra at slow 2.5 kHz MAS were ID projection on the indirect dimension of 
the 2D 19F spectra using the pulse sequence of Figure 7.2a with a Bruker 4-mm CRAMPS 
wide-bore probehead. The 19F 90°-pulse length was 2.3 (as and the MREV-832"34 homo­
nuclear decoupling strength was yB|/27i = 96 kHz. The spectra were obtained with 200 ti 
increments of one block of MREV-8 cycle (31.2 |as) and a dwell time of 1 (as in the t2 
dimension. 
The 19F NMR experiments at 12 kHz MAS were performed in a Bruker 4-mm 
CRAMPS wide-bore probehead using single-pulse excitation with a Hahn spin echo36 before 
acquisition for good base lines. The spectra were obtained with a dwell time of 4 (as and a 
recycle delay of 2 s. The 90° excitation pulse and number of scans were 2.8 ps and 16, 3.7 
ps and 64, for PTFE and Nafion, respectively. The 19F spectra for Nafion under various 
temperatures were acquired under the same condition except a recycle delay of 3 s. 
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The 2D 19F iso-anisotropic chemical shift correlation experiments were performed in 
a Bruker 4-mm CRAMPS wide-bore probehead with the pulse sequence of Figure 7.3a, the 
well-known TOSS-deTOSS pulse sequence,37 at 12 kHz MAS. The dwell time in the direct 
dimension was 4.0 |us and the ti increment was 20.83 jas, a quarter of one rotation period. 
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Figure 7.3 Pulse sequences for site specific CSA measurement, (a) 2D isotropic-anisotropic 
spinning sidebands separation NMR at 12 kHz. (b) Five-pulse CSA dephasing at 30 kHz 
MAS with the y-integral and spin echo applied for neat spectra with good base lines. 
The 19F CSA dephasing experiments were performed with the 5-pulse CSA dephasing 
technique38'39 as shown in Figure 7.3b. The CSA-recoupling efficiency varies with the 
timing of rotation-synchronized 180° pulses. The signal intensity at various tcsA traces out 
the decay profile. Spinning sidebands distortions are minimized by a y-integral, which sums 
up the spectra at 4 different z-periods incremented by 1/4 of one rotation period.40'41 The 
experiments were performed in a Bruker 2.5 mm X-H/F double resonance wide-bore 
probehead at 30 kHz MAS with 1.95-jus 90° 19F pulse, and a dwell time of 0.5 jus. Each 
individual spectrum was the sum of 32 scans with a recycle delay of 2.5 s. 
Theoretical Background 
13C-19F Dipolar Splitting. The dipolar coupling is sensitive to molecular motion. 
Under fast uniaxial motions, the heteronuclear 13C-19F dipolar coupling constant Sd in 
frequency units is given as42 
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ôd - -^-(3cos2 Qcf - 1) (7.1) 
where Sd is the 13C-19F dipolar coupling constant in the rigid limit and OCF is the angle 
between the dipolar vector and the rotation axis. The averaged dipolar vector is along the 
rotation axis. 
The 13C-19F dipolar coupling was measured in static 2D separated local field 
experiments with 19F evolution in the field of the 13C spin.31 With homonuclear decoupling 
applied during th the 19F frequency is modulated only by the 13C-19F dipolar coupling. Due 
to the low natural abundance of 13C, 1.1%, every 19F sees only one l3C, so the l3C-19F dipolar 
couplings are reasonably approximated as spin-pair interaction. The l9F magnetization 
modulated by the 13C-19F dipolar coupling cross-polarizes its nearby 13C nucleus, and the 13C 
signal is detected during tz under heteronuclear decoupling. The short CP contact time 
minimizes the polarization transfer from more distant fluorine atoms. The spectra obtained 
correlate the 13C-19F dipolar coupling along coi with the 13C chemical shift powder pattern 
along ol>2. Due to the broad 19F chemical shift anisotropy, the 19F decoupling range in o)2\s 
limited, even with the broadband C0MAR02 decoupling pulse sequence.35 The decoupling 
position was set at the maximum of the 19F powder pattern so that the maximum of the 13C 
spectrum was well decoupled and detected. While the full 2D correlation pattern depends on 
the relative tensor orientation, the dipolar cross section at the maximum of a powder pattern 
for r| = 0 always contains a dominant splitting with the magnitude equal to the dipolar 
coupling constant. 
Static 13C-19F Pseudo-2D Correlation. Fast uniaxial rotation around the chain axis, 
for instance in PTFE, generates motionally averaged chemical shift tensors with the most 
shielded principal axis along the chain axis, as shown in Figure 7.4a. The polar angle 6 
defines the chain axis orientation relative to the external magnetic field, Bq. In the fast 
motion limit, the motionally averaged 13C and l9F chemical shift frequencies in PTFE42 are 
<oc(9) = —(3cos2 6 
2 
1) + œC,iso (7.2) 
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(Op (0) — —^0 cos2 0 — 1) + CO F,iso (7.3) 
where, coC iw and coF iso are 13C and l9F isotropic chemical shift frequencies, and 8C , SF are 
the motionally averaged 13C and 19F chemical shift anisotropy parameters, respectively. 
According to Eqs. (7.2), (7.3), 13C and 19F chemical shift frequencies are linearly related as 
03c (#) - = K (9) ~ œFMo ) + 
oF 
(7.4) 
Therefore, the 2D l3C and l9F chemical shift correlation spectrum will exhibit simply a 
narrow ridge of intensity along a straight line, shown as Figure 7.4b. 
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19FCSA 
Figure 7.4 Static 2D l9F-l3C chemical shift correlation, (a) Uniaxial rotation of a chain and 
corresponding motionally averaging of CSAs. (b) Linear l3C-l9F chemical shift correlation 
pattern expected for fast uniaxial rotating PTFE chains. 
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By plotting the 13C spectrum as a function of 19F decoupling frequency, we can 
correlate the orientation-dependent chemical-shift frequencies of the directly bonded 13C-19F 
pairs. Since only the 13Cs bonded to those 19Fs which resonate near the decoupling 
frequency will be decoupled to produce narrow lines, we can combine the differently 
decoupled spectra to obtain a pseudo-2D 13C-I9F correlation spectrum. Such a spectrum 
enables us to characterize the relative orientation of the 19F and 13C chemical-shift tensors. 
Results and Discussion 
Backbone Motion. The fast uniaxial rotation of the PTFE chain segments around the 
helical chain axis43'44 results in a reduced 13C-19F dipolar coupling and also the motionally 
averaged 19F and 13C chemical shift anisotropy. This motion is confirmed in our various 13C 
and 19F NMR experiments and observed similarly for the backbone segments of Nafion. 
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Figure 7.5 2D chemical shift-dipolar coupling correlation spectra and extracted slices 
displaying dipolar splittings, (a) PTFE, recorded with 40 t, increments and 16 scans for each 
increment, with a recycle delay of 5 s. The experiment took 1 hour, (b) Nafion, recorded with 
32 t| increments and 1024 scans for each increment with a recycle delay of 1.5 s. The 
experiment took 14 hours. ID slices for (c) PTFE (d) Nafion. The rigid-limit splitting is 
indicated by dotted lines. 
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Separated local field experiments for chemical shift-dipolar coupling correlation are 
shown in Figure 7.5a and 7.5c, and the corresponding extracted 13C-19F dipolar coupling 
spectrum are shown in Figure 7.5b and 7.5d, for PTFE and Nafion, respectively. The 
extracted 13C-19F dipolar coupling splitting, corrected with the MREV-8 scaling factor, 
measures 5.9 kHz for PTFE, which is about two-fold reduced from the rigid limit of 13C-!9F 
dipolar coupling constant, 11.5 kHz, at the one bond the C-F distance of 1.35 Â.45"48 This is 
close to the expected motionally averaged dipolar coupling with the C-F bond almost 
perpendicular to backbone (6= 90° in Eq. 7.1), S = 0.5J(3cos2 90° — 1) = —0.55. The l3C-
19F dipolar coupling spectrum extracted from the Nafion 2D spectrum (Figure 7.5d) shows a 
similar reduction. However, the 13C-19F dipolar coupling spectrum clearly shows a much 
broader distribution of 0 angles and/or rotation amplitudes in Nafion than that in PTFE. This 
indicates some restriction to the motion of backbone segments in Nafion, most likely due to 
the branch points.29 In contrast, Gruger and coauthors interpreted their IR results in term of 
unperturbed PTFE backbones plus straight extended sidechains.22 
The orientation-dependent 19F chemical shift can provide useful information on fast 
segmental rotations as in PTFE studied by Vega and English44 Information on the geometry 
of the motion can be obtained very easily from the static chemical shift powder pattern. The 
spectral width of larger than 40 kHz, ~110 ppm of 19F in our Bruker DSX-400 spectrometer, 
required for observing the chemical-shift powder pattern is so large that direct detection is 
not possible. Therefore, we probed the chemical shift evolution under homonuclear 
decoupling in the first dimension of a two-dimensional experiment, and detected the signal 
without dipolar decoupling in the second dimension. The projection onto the a>i dimension 
gives the 19F chemical-shift powder pattern. 
The static 19F chemical shift powder pattern of PTFE obtained in this way is shown in 
Figure 7.6a. It shows the shape characteristic of a uniaxial interaction (r| = 0), compare 
Figure 7.4b. The static 19F chemical shift spectrum of Nafion, see Figure 7.6b, shows a 
similar "uniaxial" powder pattern. The obvious hump around -80 ppm could come from the 
sidegroup with different chemical shift powder patterns, which will be discussed in detail 
below. A close comparison with PTFE shows that the averaged chemical shift principal 
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Figure 7.6 l9F and l3C chemical shift powder patterns of PTFE and Nafion obtained without 
sample rotation, (a) l9F NMR spectrum of PTFE, 64 t, increments and 16 scans per increment 
with a recycle delay of 2 s. The spectrum is the sum projection onto the dimension of the 
2D spectrum measured with the pulse sequence of Figure 7.2b. (b) Corresponding l9F NMR 
spectrum of Nafion, 50 t, increments and 16 scans per increment with a recycle delay of 1.5 s. 
(c) Fit of the l9F chemical shift powder pattern of PTFE based on an undistorted "uniaxial" 
powder pattern with pulse excitation function and Gaussian broadening applied, (d) 13C NMR 
spectrum of PTFE, acquired with 256 scans and a recycle delay of 7s. The decoupling pulse 
offsets ranged from 22 kHz to -13 kHz in steps of 5 kHz relative to the isotropic chemical 
shift of (CF2)„. For reference, a spectrum at 2.3 kHz MAS is also shown (lower trace), 
acquired with 16 scans at the reduced CP time of 200 jas. (e) Corresponding l3C NMR 
spectrum of Nafion, acquired with 2048 scans with a recycle delay of 2 s. The decoupling 
pulse offsets ranged from 22 kHz to -18 kHz in step of 5 kHz relative to the isotropic 
chemical shift of (CF2)„. The spectrum at 2.3 kHz MAS was acquired with 160 scans and a 
recycle delay of 3 s. (f) Fit of the 13C powder pattern of PTFE by an undistorted uniaxial 
powder pattern with Gaussian broadening applied. 
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value perpendicular to the chain axis, a± , is shifted slightly downfield in Nafion. This 
could come from a slight difference in the chain conformation of Nafion compared to PTFE. 
In Figure 7.6c, the PTFE chemical shift powder pattern is fitted with a r\ = 0 powder pattern 
with averaged anisotropy parameter ( 5 ) of 71 ppm and isotropic chemical shift of -122 ppm 
based on the result of Vega and English,44 with the consideration of a pulse excitation profile 
and Gaussian broadening due to transverse relaxation. 
The static 13C chemical-shift anisotropy also provides motional information. Due to 
the wide range of the isotropic (~ 30 kHz) and anisotropic 19F chemical shifts (~ 45 kHz), 
even with broadband C0MAR023519F decoupling, only part of the l3C spectrum can be 
obtained in one experiment. We therefore recorded a series of l3C spectra with 
systematically incremented 19F decoupling frequency for C0MAR02. In general, for 
obtaining the 13C chemical-shift powder spectrum of fluoropolymers, a series of spectra 
obtained with equally spaced 19F decoupling frequencies should be added up; this 
corresponds to a sum projection of the 19F-13C pseudo-2D spectrum onto the a>2 axis. In the 
case of parallel uniaxial tensors, the "skyline" projection of the 2D spectrum onto the a>2 axis 
is also the ID powder pattern, but with improved sensitivity. The skyline projection is 
equivalent to the top outline of all the ID 13C spectra with different 19F decoupling 
frequencies. The top outline of all the 13C spectra traces out the full 13C chemical shift 
powder pattern of Nafion and PTFE, while spectra at slow MAS give the 13C isotropic 
chemical shifts of PTFE and backbone (Cp2)n of Nafion for reference 
Figure 7.6d shows the superimposed ID 13C spectra of PTFE with the 19F decoupling 
frequency during COMARQ2 ranging from 22 kHz to -13 kHz relative to the isotropic 
chemical shift 19F frequency, in steps of 5 kHz. The top outline profiles the 13C chemical 
shift powder pattern. The bottom spectrum in Figure 7.6d is the 2.3 kHz MAS l3C spectrum 
of PTFE under the same experimental conditions which is useful for identifying the isotropic 
chemical shift position. The simulated uniaxial powder pattern shown in Figure 7.6f, gives a 
13C anisotropy parameter 5C of 15 ppm. To our knowledge, this is the first measurement of 
the PTFE 13C chemical-shift anisotropy, mostly due to the difficulty of effective broadband 
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19F decoupling. Compared with the anisotropics of sp3 hybridized CH2 groups, ~ 40 ppm, the 
CSA of CF2 is quite small. It seems likely that this is due to motional narrowing by the 
backbone rotation. In contrast to CH; groups, the frequency for the axis perpendicular to the 
F-C-F plane, which is approximately 35° from the polyethylene chain axis, is downfield from 
the isotropic chemical shift in PTFE and Nafion. 
The 13C spectrum closely resembles the l9F spectrum of Nafion, with features such as 
the hump at sidechain region and shifting of the edges. The 13C powder spectrum of Nafion 
obtained by incremented decoupling is shown in Figure 7.6e. Also the estimated 13C 
anisotropy parameter of Nafion is narrowed by about 2 ppm relative to that of PTFE. The 
13C spectrum of Nafion at 2.3 kHz MAS is provided for reference of the isotropic chemical 
shift of the backbone (CF2)n. 
The almost uniaxial static powder patterns of 13C and 19F chemical shift spectra of 
Nafion provide further strong support of the fast rotation around the local chain axis. The fit 
of Nafion chemical shift pattern is slightly complicated by the overlap of all chemical groups 
with different chemical shifts. The overlap problem is eliminated in the 2D spinning 
sidebands separation experiments and the MAS chemical shift anisotropy dephasing 
experiments discussed below. However, the determination of rj is achieved most reliably 
from static spectrum. 
In the discussion of the l9F and 13C CSAs of Nafion and PTFE, it was concluded that 
the "uniaxial" static powder patterns are due to fast uniaxial rotation around the local chain 
axis. Therefore, we expect to observe a straight ridge in the pseudo-2D 13C-19F correlation 
spectra due to the linear correlation of 19F and 13C chemical shift, Eq. 7.4. Figure 7.7a shows 
the pseudo-2D 13C-19F correlation spectra for PCTFE, a perfluorinated polymer without fast 
large-amplitude motions. The broad chemical shift patterns in both 19F and 13C dimensions 
are characteristic of a rigid fluoropolymers. The uniaxial motion-averaging in PTFE results 
in a prominent straight ridge in this pseudo-2D chemical shift correlation spectrum, as shown 
in Figure 7.7b. The Nafion spectrum shown in Figure 7.7c is dominated by a similar straight 
ridge, confirming fast uniaxial motions of many backbone segments. Besides the straight 
ridge, a broad background is also observed in the Nafion spectrum presumably due to 
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Figure 7.7 Pseudo 2D l3C-l9F correlation spectra obtained by plotting the 13C spectrum as a 
function of l9F CW decoupling positions, (a) Spectrum of PCTFE (Kel-F). The decoupling, 
with yBi/27i = 55 kHz, was applied at frequencies ranging from 4 to -96 kHz relative to the 
base frequency of 19F in steps of 4 kHz. The spectrum was obtained with a l9F 90° pulse of 
4.5 |as duration, and 160 scans with a recycle delay of 14 s were obtained for each ID 
spectrum at every decoupling frequency. The T2 filter time was set to 0.3 ms. The 
experiment took 16.8 hours, (b) Spectrum of PTFE. The decoupling, with yBi/2rc = 51 kHz, 
was applied at frequencies ranging from -10 to -78 kHz relative to the base frequency of l9F in 
steps of 2 kHz. The spectrum was obtained with a l9F 90° pulse of 4.4 (.is duration, and 64 
scans with a recycle delay of 6 s for each ID spectrum at every decoupling frequency. The T2 
filter time was set to 0.6 ms. The experiment took 3.9 hours, (c) Spectrum of Nafion. The 
decoupling, with yB,/27t = 42 kHz, was applied at frequencies ranging from -10 to -70 kHz 
relative to the base frequency of l9F in steps of 2 kHz. The spectrum was obtained with a l9F 
90° pulse of 6 (is duration, and 768 scans with a recycle delay of 2.5 s for each ID spectrum at 
every decoupling frequency. The T2 filter time was set to 0.6 ms. The experiment took 19.3 
hours, (d) Spectrum of Nafion. Same as (c), except that 1440 scans were added with a recycle 
delay of 2 s at every frequency. The T2 filter time was set to 1.5 ms. The experiment took 
27.1 hours. 
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segments near the branch points. After longer T2 filtering time, only the rotating PTFE-like 
components survive, see Figure 7.7d. The pseudo-2D 13C-19F correlation spectra thus 
confirm that less mobile segments coexist with the PTFE-like rotating components in Nafion. 
In summary, a large fraction of Nafion backbone segments are similar to PTFE 
backbones, undergoing fast uniaxial rotation around the local chain axis. With fast uniaxial 
rotation, the l3C-l9F dipolar coupling is averaged by a factor of two and the static 19F and l3C 
chemical shifts have motionally averaged uniaxial powder patterns and are collinearly 
correlated. Based on the span of the 19F chemical shift, ~ 80 ppm, this uniaxial rotation rate 
must be above 100 kHz. Besides these fast rotating components, restricted motion of the 
backbone also exist in Nafion, as pointed out in Chapter 6.49 The sidegroups in Nafion have 
different chemical shift anisotropics pattern due to their different nature and mobilities, 
which will be discussed later in terms of 2D sideband separation and CSA dephasing MAS 
experiments. 
PTFE Nafion ¥5 
v r  = 2.5 kHz 
-15» PI"» -J(ii) -50 -KID -150 ppm -200 
(C)  
I9F PTFE 
(d) 
19p Nafion 
vr = 12 kHz 
ssi! SSli: spinning side hand 
A . _ 
0 -50 -100 -150 -200 ppm 0 -50 -100 -150 -200 ppm 
Figure 7.8 l9F spinning sidebands patterns at ambient temperature, (a) 2.5 kHz MAS, ID 
projection for PTFE. 16 scans with a recycle delay of 2.5 s for each t, increment. The 
experiment took an hour, (b) 2.5 kHz MAS, ID projection for Nafion, 64 scans with a recycle 
delay of 1.5 s for each t, increment. The experiment took 5.5 hours, (c) 12 kHz MAS, ID 
spectra for PTFE. I9F 90° pulse of 2.8 us, 16 scans with a recycle delay of 2 s. (d) 12 kHz 
MAS, ID spectra of Nafion, l9F 90° pulse of 3.7 ps, 64 scans with a recycle delay time of 2 s. 
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Figure 7.9 Spinning sidebands patterns, from 2D separation spectra, of (a), (b), (c) Nafion, 
(d), (e), (f) PTFE at 12 kHz MAS. (a) ID 19F spectrum of Nafion for comparison, same as 
Figure 7.Bd. (b) Spinning sidebands of different chemical groups in Naifon, ID slices from 
(c). (c) Iso-anisotropic chemical shift separation of Nafion. 128 t, increments and 256 scans 
with the recycle delay time of 1.5 s for each increment. The applied l9F 90° pulse was 2.8 (is 
and the experiment took 13.7 hours, (d) ID l9F spectra of PTFE for comparison, same as 
Figure 7.8c. (e) Spinning sidebands of PTFE, ID slices from (f). (f) Iso-anisotropic chemical 
shift separation of PTFE. 64 t, increments and 128 scans with the recycle delay time of 1.5 s 
for each increment. The l9F 90° pulse length was 2.2 (is and the experiment took 3.5 hours. 
Site-resolved Dynamics Measurements. The chemical shift anisotropics of 
different chemical group in Nafion provide information on the conformational and motional 
difference in Nafion structure. Figure 7.8 compares the 19F spectra of PTFE and Nafion at 
two different MAS speed, 2.5 kHz and 12 kHz. The overlaps of the sidegroups and the 
backbones in Nafion in Figures 7.8a and 7.8b clearly show that low speed MAS is not 
enough for separation of the sidegroup signals from the backbone signals due to the broad 19F 
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chemical shift anisotropy. Figures 7.8c and 7.8d give better resolution at 12 kHz MAS and 
the motional difference is easy to see: the sharp peak at -80 ppm (CF3/OCF2) and the still 
broad peak at -144 ppm (CF in the backbone). 
The overlapping l9F chemical shift sideband patterns are better resolved in a 2D 
spectrum where they are separated according to their isotropic chemical shifts, see Figure 
7.9. For comparison, the ID spectra of dry Nafion (Figure 7.8d) and PTFE (Figure 7.8c) at 
12 kHz MAS are also shown in Figure 7.9a and 7.9d, respectively. The isotropic-anisotropic 
chemical shift 2D separation spectra are provided as Figures 7.9c and 7.9f for Nafion and 
PTFE, respectively, while the site specific chemical shift sideband patterns are shown in 
Figures 7.9b and 7.9e. Visual inspection shows that backbone CF2 groups have the biggest 
chemical shift anisotropy, CF3/OCF2 are next, SCF2 and CF2 flanking the branch point in the 
backbone are the third, while CSAs of the two branch CFs are the smallest. Almost identical 
chemical shift spinning sideband patterns are observed for backbone CF2 of Nafion and CF2 
of PTFE, which again confirms the similarity of the Nafion backbone to PTFE, both 
conformational and dynamical. Actually, due to eight 180° pulses featuring the isotropic 
evolution, the spinning sidebands pattern extracted from the 2D spectrum is slightly 
distorted, compare Figures 7.9d and 7.9e for PTFE. 
A more accurate value of the motionally averaged anisotropy parameter ô can be 
obtained by fitting experimental CSA dephasing curves. The 19F chemical shift anisotropy 
S(CF2 ) for PTFE derived from the dephasing curve, shown in Figure 7.10a, is 22 kHz. This 
can be the reference for comparison of motional averaging effects. The fit for dry Nafion 
CSA dephasing curves, Figure 7.10b, give anisotropy parameters in the ascending order of 
CF3 < CF(s) < CF(b) < OCF2 < CF2, due to motional averaging and different electronic 
configurations of these chemical groups. The 8{CF2) value of 20.5 kHz in Nafion is 
reduced compared to S(CF2) in PTFE, which is in contrast with the expectation that the 
restricted uniaxial rotation in Nafion due to the sidechain would increase the anisotropy 
parameter. The derived 5 values clearly show that the CSA of the CF group at the branch 
point of the backbone, CF(b), is about 2.5 kHz broader than that of the CF in the sidechain, 
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Figure 7.10 CSA dephasing curves at 30 kHz MAS of (a) PTFE, (b) Nafion, (c) Wet Nafion. 
All experiments were acquired with 32 scans, 2.5-s recycle delay, and 0.5-gs dwell time. 
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CF(s), which is apparently relative mobile. The ô of the peak at -80 ppm, which is due to 
three CF3 and four OCF2 fluorines, is larger than that of the CF3 group when observed 
selectively after a T2 filter, indicates that at least one of the OCF2 group has a much bigger 
S. These results show differential mobilities along the sidechain. Groups near the end of 
the sidechain are more mobile than those near the branch point, where the mobilities are 
restricted by the backbone. The averaged anisotropy parameter for OCF2 near the sidechain 
end is expected to be narrower than S(CF2) since it is more mobile, while the OCF2 near the 
branch point will be a little broader due to its restrained motion. The dephasing curve for 
CF(b) almost superimposes with that for the -80 ppm peak by conincidence. 
Figure 7.10c shows the effect of absorbed water on the mobilities of different groups 
in Nafion. Water in the film is a must for Nafion to function as the membrane separator in 
chloride electrolysis or the polymeric electrolyte membrane in fuel cells. Obviously, the 
absorbed water increases the mobilities of Nafion, and the effects are different for different 
groups. The anisotropy parameter for CF2 in wet Nafion is narrowed by 2.5 kHz compared 
with its counterpart of 'dry' Nafion, which is Nafion at ambient condition. Similarly, the 
CSA of CF(b) in wet Nafion is also narrowed by 2.5 kHz. The sidegroups are much more 
narrowed, 4.2 kHz for CF(s), 5 kHz for CF3/OCF2 and 5 kHz for CF3. Therefore, the mobile 
sidechain is more affected by the absorbed water, which is consistent with the proposed 
Nafion hydration model, where most of the absorbed water is located in the hydrophilic ionic 
cluster region. 
In summary, the sidechains in Nafion are highly mobile and the mobilities increase 
toward the end of the sidechain. The absorbed water has different effects on the mobilities of 
the ionic clusters and the hydrophobic (CF2)n backbone regions. The sidechains are more 
affected by high hydration level compared to the backbones. 
Friction Heat of MAS. No obvious difference is observed in the sideband patterns of 
19F spectra of Nafion at different temperatures from 291 K to 353 K, see Figure 7.11. 
Therefore, temperature does not greatly affect Nafion dynamics in the range where the 
friction heat due to high speed of MAS is a concern. 
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Figure 7.11 "F NMR spectra at 12 kHz MAS of Nafion as a function of temperature. The 
spectra were obtained with a l9F 90° pulse of 3.7 (is, 64 scans, and a recycle delay of 3 s. 
Conclusions 
The backbone of Nafion undergoes fast uniaxial rotation around the local chain axis 
like that in PTFE. This motion reduces the C-F dipolar splitting by a factor of two, and 
results in the uniaxial l9F and 13C chemical shift anisotropics, which are parallel to each 
other. The various sites in Nafion have different mobilities, which are revealed by isotropic-
anisotropic chemical shift correlation spectra. The motionally averaged 19F CSA parameter 
( 8 ) of the various sites in Nafion were measured by the CSA dephasing technique. The 
absorbed water mostly affects the segmental motion of sidechains. 
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Chapter 8 
MULTINUCLEAR SOLID-STATE NMR INVESTIGATIONS OF 
ORGANIC COUTERIONS IN A PERFLUORINATED IONOMER 
(NAFION) 
Q. Chen. K. Page, R. B. Moore, K. Schmidt-Rohr 
A paper to be submitted to Macromolecules 
Abstract 
The location, dynamics, and clustering of organic counterions, a series of four 
tetraalkylammonium (TAA+) ions, methyl-, ethyl-, propyl-, and butylammonium (TMA+, 
TEA+, TPA+, and TBA+, respectively), and their influences on the mobility of the 
perfluorinated ionomer, Nafion, are investigated. The average distances between the 
counterions and Nafion segments are studied by 'H-> 19F cross polarization (CP) and 19F(*H) 
rotational-echo double resonance (REDOR)1 dephasing. Smaller counterions are found 
closer to the ionic sidechain, while the larger counterions are closer to the hydrophobic 
backbone segments of Nafion. The influences of these counterions on the mobility of Nafion 
sidechains and backbones are illustrated by the linewidth of 19F NMR spectra, two-
dimensional (2D) 19F-19F exchange, and chemical shift anisotropy (CSA) dephasing 
experiments. *H wideline and 2D 13C-'H wideline separation2 (WISE) spectra reveal that 
smaller counterions, like TMA+ and TEA+, appear to undergo fast overall rotations, while the 
larger counterions, like TPA+ and TBA+, show increasing segmental mobility towards the 
ends of their alkyl chains. The ionic cluster size, or more accurately the average number of 
counterions per cluster, is estimated based on 2D multiple alternating depolarization3 (MAD) 
C(HH)C spin diffusion data. The data on TEA+ ions in Nafion show that after 50 ms of spin 
diffusion, the magnetization has equilibrated over at least 1000 carbons, or about 100 
counterions, which corresponds to a volume of > (2 nm)3. 
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Introduction 
The perfluorinated ionomer Nafion, hereafter referred to as Nafion-H, is widely used 
as a polymer-electrolyte membrane for chloride electrolysis or as a proton-exchange 
membrane (PEM) in all-solid H2/O2 fuel cells.4"7 The chemical repeat unit of Nafion-H 
combines a hydrophobic polytetrafluoroethylene (PTFE) backbone with a hydrophilic 
perfluoroether sidechain terminated with an ionizable sulfonate group, see Figure 8.1. 
-((CFz-CFzks-CF—CFzh 
O—CF2-CF—O—CF2-CF2-SO3H 
CF3 
Figure 8.1 Chemical formula of Nafion 117 in the sulfonic acid form 
Nafion films neutralized with different metallic and hydrophobic organic counterions 
are also widely studied and applied in practice. Compared with Nafion-H, these Nafion 
materials exhibit a range of physical properties based on the nature, charge, and radius of 
these counterions.8"13 Small metallic cations in Nafion were studied for their effects on 
cluster formation,6 relaxation,14 water sorption and diffusion behavior.15 The inclusion of 
these counterions changes the electrostatic or Coulombic interactions between the cation-
anion pairs that are responsible for the aggregation of ionic clusters, which are thought to act 
as physical cross-links of Nafion.8"10 The introduction of bulky organic counterions (e.g., 
quaternary alkylammonium cations) weakens the Coulombic interactions, thus affecting the 
mechanical and morphological behavior of this material.9'16'17 The weakened electrostatic 
interaction makes Nafion with tetrabutylammonium cations melt-processable.17 Miscible 
blends of the neutralized Nafion and polyvinylidene fluoride (PVDF) are also possible by the 
introduction of these tetrabutylammonium cation.9 Therefore, studies are focusing on 
probing the interaction of these counterions and their effects on Nafion morphology. 
However, the structure of Nafion itself is still a matter of debate,6'8'14'18"21 even though 
numerous research efforts have been made to illustrate the formation and evolution of the 
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"ionomer clusters" upon absorption of water with the help of WAXD, SAXS, AFM and 
SANS techniques. The location of various counterions and their interactions with Nafion 
will provide a better understanding of the structure and dynamics features of Nafion. 
In this paper, the distances from the counterions to Nafion segments are studied by *H 
-» 19F CP and the dephasing of *H magnetization via recoupled heteronuclear dipolar 
interaction through 19F(!H) REDOR.22 Inhomogeneous broadening of the 19F sidegroup 
resonances clearly shows that the ammonium ions reduce the side group mobility compared 
to that in the corresponding protonated and hydrated Nafion. The site specific influence of 
the counterions on the mobilities of the Nafion side groups and backbones are illustrated by 
2D 19F-19F exchange NMR and the chemical shift anisotropy (CSA) dephasing experiments. 
Insight into the counterions mobilities are obtained from *H wideline and 2D 13C-'H WISE 
NMR.2 A lower limit to the clusters size is estimated based on 2D 13C-13C exchange with the 
help of the *H spin diffusion,3 assuming that the proton spin diffusion is restricted to occur 
only within the isolated clusters. 
Experimental 
Samples. Nafion® 117 (1100 EW) non-ionic precursors were obtained from E. I. 
DuPont de Nemours & Co. The tetramethyl (TMA+), -ethyl (TEA+), -propyl (TPA+), and -
butylammonium (TBA+) counterions were obtained from Aldrich in the form of hydroxides 
dissolved in either water or methanol. All other reagents were obtained from Aldrich and 
used without further purification. The Nafion membranes were cleaned by refluxing in 8 M 
HNO3 for ca. 12 hours and then washed with deionized water to remove the excess acid. The 
neutralization with alkylammonium counterions were performed by soaking the H+-form 
membranes in excess (ca. 5X) methanolic solution of the appropriate alkylammonium 
hydroxide/bromide. The neutralized membranes were then thoroughly rinsed with excess 
alkylammonium hydroxide/bromide and dried in a vacuum oven at 70 °C overnight. The 
acid form Nafion 117 ionomer was purchased in the form of a commercial fuel-cell-quality 
film and used without cleaning. In addition, most of the Nafion films were dried in vacuum 
at 65 °C overnight before NMR measurements. One sample of Nafion-H was dried at 65 °C 
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overnight without vacuum and the 'wet' Nafion-H was the as-received Nafion-H film rinsed 
with deionized water. The Nafion with different counterions, tetramethylammonium (TMA+), 
tetraethylammonium (TEA+), tetrapropylammonium (TPA+), or tetrabutylammonium (TBA+), 
are hereafter referred to as Nafion-TMA, Nafion-TEA, Nafion-TPA or Nafion-TBA, 
respectively, while Nafion itself refers to the polymeric matrix of the material or the general 
name of all these samples, as determined from the context. The tetraalkylammonium 
chloride salts (TMAC1, TEAC1, TPAC1 and TBAC1) were purchased from Aldrich in crystal 
form and used without further treatment. 
The Nafion films were tightly rolled into a cylinder, cut into circular wafers or small 
pieces that fit into the NMR rotor. The rotors with dry samples were kept in a desiccator 
before and after the NMR experiments, while the rotor with 'wet' Nafion-H was kept in 
deionized water when out of the spectrometer. The pure tetraalkylammonium chloride salt 
was simply pressed tightly into the rotor. 
NMR. All the NMR experiments were carried out at 100 MHz for 13C, 376 MHz for 
19F and 400 MHz for *H on a Bruker DSX-400 spectrometer at 9.4 T. All samples were 
packed in the 4.0-mm NMR rotors with Kel-F end-caps or 2.5-mm with Vespel end-caps. 
19F spectra were referenced to the PTFE signal as -122 ppm, *H spectra were referenced to 
the water signal as 4.9 ppm, and 13C spectra were referenced to the glycine carbonyl signal as 
176.4 ppm. 
The 19F NMR spectra were obtained using single pulse excitation (SPE) with a Hahn 
spin echo23 before acquisition for better baselines. The spectra were acquired with a 2.5-ps 
19F 90° excitation pulse, 32 scans, a 2.5-s recycle delay and a 0.5-ps dwell time. The 
experiments were performed in a 2.5-mm Bruker X-H/F double resonance wide-bore 
probehead at 30 kHz MAS. 
The *H -> 19F CP experiments were performed at 12 kHz MAS using a Bruker HFX 
power splitter unit combined with a 4-mm Bruker X-H/F double resonance wide-bore 
probehead. The pulse sequence of Figure 8.2a was applied with a proton 90° pulse of 5.0 (is 
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duration and a fluorine 180° pulse of 10.0 (is duration. The Hahn spin echo was applied 
before acquisition for better baselines. The spectra were obtained with 32 scans, a recycle 
delay of 2.0 s and a dwell time of 5.0 jas. No decoupling was applied during l9F acquisition. 
The I9F('H) REDOR experiments were performed at 12 kHz MAS using a Bruker 
HFX unit combined with a 4-mm Bruker X-H/F double resonance wide-bore probehead. The 
pulse sequence in Figure 8.2b was applied with a 5.5-ps fluorine 90° pulse and a 8.0-jas 
hydrogen 180° pulse. The spectra were acquired with 32 scans at a recycle delay time of 2.0 
s and a dwell time of 2.0 jas. No decoupling was applied during 19F acquisition. 
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90° 
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Figure 8.2 Pulse sequences for 'H-I9F distances at 12 kHz MAS (a) 'H-* l9F CP with spin 
echo before l9F detection, (b) l9F('H) REDOR for dephasing the l9F via the recoupled dipolar 
interactions. 
19F-19F 2D exchange spectra were acquired with the pulse sequence in Figure 8.3a. 
Details about the pulse sequence and data processing has been described in Chapter 6. The 
experiments were performed in a 2.5-mm Bruker X-H/F double resonance wide-bore 
probehead at 30 kHz MAS. The dwell time in the direct dimension, was 4.18 JIS. The 
number of increments in t\ was 100, with a t\ dwell time of tj2 = 16.67 |_is, which gives a 
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wide enough spectral width (60 kHz or 160 ppm for 19F) in a>i to avoid aliasing of the wings 
of any peaks. At every increment, 32 scans were acquired with a recycle delay of 1.5 s. The 
2D experiments required 2.7 hours each. 
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Figure 8.3 Pulse sequences for probing mobilities (a) l9F-l9F 2D exchange NMR at 30 kHz 
MAS. Before the evolution and detection period, the chemical shift is refocused with a Hahn 
spin echo. During the mixing time tm, one composite 7i-pulse per rotation period is applied in 
order to recouple the l9F-19F dipolar couplings (radio-frequency-driven recoupling, RFDR14). 
(b) ID 5-pulse CSA recoupling pulse sequence for measuring motionally averaged chemical-
shift anisotropics under 30 kHz MAS, y-average applied to avoid spectra distortion. 
The 19F CSA-dephasing measurements for various sites of Nafion were performed 
with the 5-pulse CSA dephasing technique24,25 as shown in Figure 8.3b. The shifting of tcsA 
varies the efficiency of the CSA recoupling, and traces out the decay profile. Sideband 
distortions are minimized by a y-integral, which sums up the spectra for 4 different z-periods 
incremented by 1/4 of the rotation period.26,27 The experiments were performed in a 2.5-mm 
Bruker X-H/F double resonance wide-bore probehead at 30 kHz MAS with a 1.95-ps 90° i9F 
excitation pulse, a 0.5-p.s dwell time. Each individual spectrum was the sum of 32 scans with 
a recycle delay of 2.5 s for all samples. 
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The *H wideline NMR spectra were obtained by single-pulse excitation. The 
experiments were performed with a 2.5-mm Bruker X/H-F double resonance MAS wide-bore 
probehead at 0 and 30 kHz MAS. Background signal was suppressed by the scaled 
subtraction technique28 with L = 2. The spectra were acquired with a 2.1-ps *H 90° pulse, a 
4.0-jis dwell time, and 32 scans with a 2-s recycle delay. No decoupling was applied during 
acquisition. The spectra with 180° pulse excitation were obtained similarly. 
The 13C-'H 2D WISE experiments were performed in the 7-mm Bruker X/H double 
resonance wide-bore probehead at 2.1 kHz MAS. The dwell time in tz, the direct dimension, 
was 5.0 fis and the t, increment, or t, dwell time, was 5.0 JIS. Two pulse phase modulation 
(TPPM)29 was applied for heteronuclear decoupling and the decoupling strength was set to 
yB|/2% = 54 kHz. 96 ti increments were acquired for Nafion-TEA with 480 scans of 1.3-s 
recycle delay for every increment. The ti increments, number of scans and recycle delay for 
every increment were 64, 512 and 2 s for Nafion-TPA, respectively. The number of scan 
was increased to 1024 for Nafion-TBA, while the recycle delay was kept as 2.0 s and ti 
increments 64. The experiment took 11 minutes for Nafion-TEA, 17 minutes for Nafion-
TPA, and 35 minutes for Nafion-TBA. 
The 2D MAD C(HH)C NMR30 spectra were measured using a 7-mm Bruker X/H 
double resonance wide-bore probehead at 3.0 kHz MAS. The dwell time in the direct 
dimension was 5.0 p.s and the ti increment was 100 (as. The TPPM29 decoupling strength 
was set to yB]/2% - 55 kHz. The recycle delay was 1.6 s and the experiments were 
performed with 3840 scans for every t, increment. The total spectrum was the sum of 10 
such spectra acquired in five days for Nafion-TEA. 
Results and Discussion 
Counterions Distance to Nafion. In contrast to small metallic cations, the 
quaternary alkylammonium ions are bulky; however, some of them would also be expected 
to be somewhat flexible due to their alkyl chains, especially TBA+. Therefore, their 
interaction with the sidechains and backbones of Nafion may be different. In other words, 
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the distance from counterions to Nafion sidechains and backbones may vary with the alkyl 
chain length. Such a distance difference would lead to different dipolar couplings between 
protons of the counterions and the various fluorine sites on Nafion. The CP efficiency, CP 
evolution, and REDOR dephasing were applied for qualitatively estimating the distance from 
counterions to various sites on Nafion. 
2 kHz MAS 
Vacuum Oven 
Dried Nation 
ssh^b 
ssh 19F DP 
ssb 
ssb ssb, ssb 
ssb 
Nation - TBA 
ssb 
ssb ssb ssb 
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Nafion - TMA 
-20 -40 -60 
Figure 8.4 l9F spectra of Nafion with different counterions after a CP contact time of 0.3 ms 
from *H at 12 kHz MAS. (a) Nafion-TMA. (b) Nafion-TEA. (c) Nafion-TPA. (d) Nafion-
TBA. (e) Direct Polarization of Nafion for comparison, sample is vacuum oven dried at 65 °C. 
It is obtained using pulse sequence of Figure 8.2b with no 'H pulse and only one rotation 
period before acquisition. 
The CP efficiency between two nuclei depends on the heteronuclear dipolar 
interaction, which in turn is inversely proportional to the cube of their intemuclear distance.31 
The magnetization transfer (l9F peak intensity) after the same CP contact time indicates the 
relative heteronuclear dipolar interaction strength and in turn the relative heteronuclear 
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distance. Therefore, the CP efficiency provides semi-quantitative information about the 
distance between hydrogens of the counterions and the fluorines of Nafion. For a CP contact 
time of 0.3 ms, CP from the protons of bigger counterions to the Nafion backbone (signal at -
122 ppm) is more efficient, as shown in Figure 8.4. Therefore, it is expected that the average 
distances from counterions to the Nafion backbone increase in the order of TEA < TPA < 
TEA < TMA. This suggests that these quaternary alkylammonium counterions should not be 
viewed as shape-fixed bulky spheres, but might be reshaped to interact more favorably with 
hydrophilic sidechains and the hydrophobic backbone of Nafion. This is consistent with the 
recent results by Page and coauthors who found the different interaction of these counterions 
with the backbone and sidechain of Nafion.16 
Nallon-TKA 2kllz MAS 
0 3 ms 
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0.1 ms 
T T 
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-1 1 T 
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Figure 8.5 l9F spectra of Nafion with different counterions after different 'H-> l9F CP contact 
times at 12 kHz MAS, with DP spectrum for comparison (top), (a) Nafion-TMA. (b) Nafion-
TEA. (c) Nafion-TPA. (d) Nafion-TBA. 
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The CP dynamics, i.e. the evolutions of the l9F signals intensity of different groups in 
Nafion with CP contact time, provides distance information about the different chemical sites 
of Nafion to the counterions. As shown in Figure 8.5, the evolution of the relative peak 
height of S/C-CF2 at -117 ppm and (Cp2)n at -122 ppm as a function of contact time provides 
more insight into the difference during CP for the side groups and backbones in Nafion. The 
contact time at equal height of these two peaks for Nafion-TMA is between 0.3 and 0.5 ms 
(Figure 8.5a), for Nafion-TEA about 0.3 ms (Figure 8.5b), for Nafion-TPA about 0.1 ms 
(Figure 8.5c), and for Nafion-TBA is less than about 0.1 ms (Figure 8.5d). The 
magnetization is first transferred from the protons in counterions to the fluorines at the end of 
the sidechain. The faster magnetization transfer to backbones in Nafion with bigger 
counterions suggests that the more flexible longer alkyl chain might sneak near the backbone 
regions of Nafion, while the less flexible shorter alkyl chain, like CH3 in Nafion-TMA, is 
mostly located near the end of sidechains, represented by the SCF2 group. 
Vacuum Oven 
Dried Nafion 
* AS (REDOR) 
(c) Nafion-TPA 
(b) Nafion-TEA 
(a) Nafion-TMA 
-20 -40 -60 -80 -100 -120 -140 -160 -180 PP"' 
Figure 8.6 l9F REDOR difference for Nafion with different counterions at 12 kHz. (a) 
Nafion-TMA. (b) Nafion-TEA. (c) Nafion-TPA. (d) Nafion-TBA. (e) Direct Polarization of 
Nafion for comparison (same as Figure 8.4e). 
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REDOR is a well-known technique for probing distance information in solid systems 
based on the distance dependence of heteronuclear dipolar interactions, which are recoupled 
by one n-pulse per half rotation period under MAS.1 Here 'H-19F REDOR is used as a 
dephasing technique for probing the distances between the hydrogens of the counterions and 
the fluorines of Nafion. In experiments, the recoupled 'H-19F heteronuclear dipolar coupling 
déphasés the magnetization of the nearby 19F nuclei. The S and So spectra were obtained 
with and without the proton dephasing pulses, which switch the REDOR dephasing on and 
off, respectively. Therefore, the peak intensities in the difference spectra (AS = So-S) 
indicate the proximity of the counterion to the various sites in Nafion. Figure 8.6 shows the 
resulting difference spectra. They show essentially the same features as the CP experiments: 
the larger counterions have a shorter average distance to the fluorines of Nafion backbones, 
while the smaller counterions, like TMA, are located near the SCF2, the end of the sidechains 
In summary, the larger counterions (e.g., TBA+), which have long alkyl chains, on 
average are closer to the backbone regions of Nafion than are the smaller counterions, which 
are close to the sidechain ends. This means that the bulky counterions in Nafion may reshape 
to fit in the volume of a cluster and minimize their interactions with the hydrophilic and 
hydrophobic segments of Nafion. 
Counterion Influence on Nafion Motion. Figure 8.7 compares the 19F linewidth of 
different Nafion samples at 30 kHz MAS. It is clearly seen that loss of water molecules or 
the inclusion of organic counterions broadens the peaks of sidechains more than those of the 
backbones. Obviously, the inclusion of organic counterions restrains the motion of Nafion, 
in particular those of the sidechains. Another conclusion is that the inclusion of organic 
counterions restricts the segmental motions of Nafion more effectively than does drying of 
Nafion on: the -117-ppm peaks (SCF2) are merged with the major -122-ppm peak (backbone 
CF2) upon inclusion of counterions (see Figure 8.7e, f, g, and h) while these peaks are still 
separated from each other even after intense drying. The less bulky counterions restrict the 
motion of sidechains most effectively, which is clearly illustrated by the broadening of the -
117-ppm peak (SCF2) and supported by the broadening of other peaks at -80-ppm (CF3), -
138-ppm (CF at backbone), and -144-ppm (CF at sidechain). This is consistent with the 
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Figure 8.7 l9F spectra of Nafion at different moisture and Nafion with different counterions 
at 30 kHz MAS. (a) Wet Nafion. (b) Nafion at ambient moisture (c) Nafion, 60 °C dried 
overnight, (d) Nafion, 60 °C dried overnight in vacuum (e) Nafion-TMA (f) Nafion-TEA (g) 
Nafion-TPA (h) Nafion-TBA 
above conclusion that smaller counterions are close to the sidechains, which is based on the 
CP efficiency, CP evolution and REDOR dephasing. A detailed inspection of the 19F signals 
reveals that the maxima of the sidechain signals are slightly shifted compared to the as-
received Nafion-H, while the backbone signals are almost identical for different Nafion films. 
This could be due to changes in the chemical shielding environment and/or the 
conformational distribution. 
The analysis of magnetization transfer observed in 2D 19F-19F exchange spectra, one 
of which is shown in Figure 8.8a, illustrates the homonuclear l9F-19F dipolar coupling 
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Figure 8.8 Spin diffusion from side groups to backbones for Nafion at 30 kHz MAS. (a) 
Typical 19F -l9F 2D exchange spectrum with RFDR for Nafion-TEA, at a mixing time of 5.3 
ms. (b) Spin diffusion from side groups to backbone in Nafion. The fractional peak area in 
the cross section of -CF3/OCF2 was normalized relative to the corresponding fractional peak 
area in ID l9F spectrum. This normalization adopted here was to compare the magnetization 
decrease with the mixing time if the final magnetization per fluorine is equal to unity.32 
strength, which is also sensitive to the segmental motion in Nafion. Slow exchange implies 
weak dipolar coupling and in turn fast segmental motion. Figure 8.8b shows the 
magnetization decrease of sidechain segments (CF3 and OCF2) with the mixing time for six 
Nafion samples. Neutralization with tetraalkylammonium counterions leads to faster 
magnetization transfer compared to that in the as-received 'dry' Nafion, while hydration 
leads to slower magnetization transfer. This means that there are stronger homonuclear 
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dipolar couplings between fluorines in Nafion than in hydrated Nafion-H. This agrees with 
the 19F spectra linewidth analysis of these Nafion samples. However, the magnetization 
transfer curves in Figure 8.8b show no significant change with the size of counterions. 
Similar to the dipolar coupling, CSAs are also sensitive to molecular motions.31 The 
motionally averaged anisotropy parameter S, which is a good indicator of molecular motion, 
can be obtained from fitting an experimental CSA dephasing curve. 
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Figure 8.9 Counterions effects on Nafion mobilities, side groups and backbones, (a) (CF2)n, 
backbone region (b) CF3, branch end of sidechain (c) CF(b), CF at backbone branch point (d) 
CF(s), CF at sidechain branch point. 
Figure 8.9 compares the CSA dephasing traces of different chemical groups in 
different Nafion samples and PTFE. Overall, the absorbed water slows down the dephasing, 
i.e., it increases molecular motions, while the included counterions reduce the mobilities of 
Nafion. Figure 8.9a shows that the dephasing, and thus the motionally averaged 19F 
anisotropy parameter 8, for the backbone (CF2) is less affected by the counterions than by 
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the absorbed water. The mobility of the (CF2)n backbone is similar to that of PTFE for all 
Nafion forms that have been dried. Only hydrated Nafion shows obvious effects on the 
Nafion backbone motions, although less pronounced than the effects of addition of water on 
the sidegroup motions, see Figure 8.9b. From Figure 8.9b it is also possible to distinguish 
the effect of different counterions on side group motions. The data indicate that the 
counterions with flexible alkyl chain (i.e., TPA+ and TBA+) have less effect on reducing the 
side group motions, while the small TMA counterion reduces their motions most. Figure 
8.9c and 8.9d compare the reduced mobility of the chemical groups at the branch points (i.e., 
CF of backbones and CF of sidechains). The data show that the backbone branch points are 
less affected by the counterion type when compared to the branch points in the sidechains. 
Therefore, it can be concluded that the counterions reduce the molecular motions of Nafion, 
especially those of the sidechains. 
In summary, the motions of the sidechain in Nafion are most affected by the presence 
of water, which increases the mobility, while the organic counterions reduce the mobility and 
the smaller counterions have larger such effects. This difference may be attributed to the 
interaction between the Nafion sidechain and the flexible alkyl chain of the counterion, 
which we think is reshaped to optimize the interactions with the hydrophilic and hydrophobic 
segments of Nafion. 
Counterion Mobility in Nafion. Aside from the effects of the counterions on the 
mobilities of the sidechains and backbones in Nafion, it is of considerable interest to probe 
the mobilities of the counterions themselves. The most direct and simple method is the *H 
wideline NMR of these counterions in Nafion. 'H wideline NMR spectra are widely applied 
in studies of segmental mobility for solids under static or slow MAS condition ,33,34 The 
acquired spectrum includes all possible interactions, among which the homonuclear dipolar 
couplings are usually dominant in solids. Reduction of the linewidth indicates fast segmental 
mobility of significant amplitude. 
Figures 8.10a and 8.10b show the *H wideline spectra of alkylammonium neutralized 
Nafion samples at 0 and 30 kHz MAS, respectively. There is no site resolution in the *H 
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Figure 8.10 'H wideline NMR spectra of counterions in Nafion (a) Static, TMA+, TEA/, 
TPA+, and TBA+. (b) 30 kHz MAS, TMA+, TEA+, TPA+, and TBA+, from bottom to top. All 
spectra were acquired with probehead background suppression.32 
wideline spectra without sample spinning: the broad hump includes the signal of all protons 
in the sample. The full width at half height (FWHH), a measure of mobility, increases from 
about 7 kHz for TMA+ counterions to 16 kHz for TBA+ counterions in Nafion, Therefore, it 
can be argued that the counterions with long alkyl chains are more motionally restricted than 
those with short alkyl chains. As shown in Figure 8.10b, a similar trend of the linewidth is 
observed in the *H wideline spectra at 30 kHz MAS. The site resolution in TEA+ and TBA+ 
counterions shows that the mobilities increase towards the ends of the alkyl chains. 
Even though the 'H wideline spectra provide some mobility information, the heavily 
overlapped signals cannot give site specific motional information of the TBA+ counterions. 
2D I3C-'H WISE incorporates a 13C dimension to label each carbon-bonded proton by the 13C 
chemical shift and thus separate the *H signals.2 Figure 8.1 la shows a ^C-'H 2D WISE 
spectrum of TPA+ counterions in Nafion and Figure 8.1 lb gives the ID slices of the different 
proton mobilities at NCH2-, -CH2-, and -CH3 sites of the counterion. It clearly shows that the 
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Figure 8.11 (a) l3C-'H WISE NMR spectrum of counterions TPA+ in Nafion. (b) 'H wideline 
spectra of different sites of TPA* in Nafion, extracted from the 2D spectrum of (a). 
TBA chloride 
TliA chloridc 
Figure 8.12 l3C-'H WISE NMR spectra of counterions in Nafion and crystal solids, (a) ID 
slices of Nafion-TBA, *H wideline spectra of different sites, (b) ID slices of TBA chloride 
crystal solid, *H wideline spectra of different sites, (c) ID slices of Nafion-TEA, 'H wideline 
spectra of different sites, (d) ID slices of TEA chloride crystal solid, *H wideline spectra of 
different sites. 
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full width at half height (FWHH) decreases gradually along the chain: 31 kHz for protons of 
NCH2-, 23 kHz for -CH2-, and 12 kHz for -CH3. This confirms the increasing mobilities 
towards the ends of the alkyl chains. 
Figure 8.12 compares the *H linewidths, and thus the mobilities of the TBA+ and 
TEA+ counterions in Nafion and in the corresponding rigid crystalline chloride salts. Overall, 
the motions of the larger counterions are more restricted (e.g., TBA+ has the broadest 
linewidth) and the motion of different carbon sites reduces towards the central nitrogen, 
while the different sites in smaller counterions have similar motions on different carbon sites. 
As compared with those counterions in rigid solids, these counterions are quite mobile: the 
line-widths in TBA+ are reduced about 2-3 fold and those in TEA+ about 6-10 fold. It can be 
concluded that the small counterions (e.g., TMA+) in Nafion undergo a fast overall rotation, 
while the bigger counterions undergo more heterogeneous motions. The complex 
interactions of these bigger counterions with the sidechains and backbones of Nafion result in 
different mobilities for different sites along the alkyl chains. 
Cluster Size from 13C Spin Diffusion. Counterions in the cluster region are crucial 
for the conductivity of a Nafion membrane and thus for its use as a polymeric electrolyte. 
The number of counterions, or the rough size of cluster domain, can be estimated by 2D 
C(HH)C NMR, two-dimensional 13C-13C NMR with exchange by 'H spin diffusion.3 Shown 
in Figure 8.13a, a cross peak at (a>i = cûa, (02 = cob) indicates *H spin diffusion from 13C spin 
of one segment or component A to 13C spin of another segment or component B. The *H 
spin diffusion here is simpler to analyze than l3C spin diffusion with its complex dynamics. 
The known l3C density provides an internal size standard on a scale less than 2 nm: the 
relative cross-peak intensity can be converted into a volume reached by the magnetization, 
illustrated as in Figure 8.13b, based on the 1.1% natural abundance of 13C nuclei and the 
isolated cluster assumption. 
Figure 8.14 shows the ID and 2D MAD spectra for TEA+ in Nafion. The number of 
counterions can be calculated from the ratio of diagonal to exchange intensity. The 
contribution of CA in coj is counted as 100% 13C. All other carbons of type CA and CB in the 
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Figure 8.13 Principle for domain size estimation from l3C spin diffusion, (a) Scheme for 
size estimation from 2D exchange spectrum and extracted ID slice, (b) Effect of different 
domain size on the number of l3C spins in a cluster. 
cluster occur in their natural abundance 1.1%. After spin diffusion across the whole cluster, 
the diagonal (D) to exchange (X) intensity ratio for TEA+ counterions should be: 
1 + (y-1)*°'011 2 , 180 . 
— « h 1 ~ h 1 
-*0011 #*0-011 N 
2 
where N is the number of carbons in TEA counterions of the cluster. The MAD spectra for 
TEA in Nafion, Figure 8.14, show almost equal intensity of diagonal and exchange peak at 
50 ms. The simple calculation gives N =1000 carbons, which corresponds to ca. 100 TEA 
counterions. Since equilibrium may not have been reached yet, this represents a low limit to 
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Figure 8.14 Cluster size estimation of Nafion-TEA. (a) 2D MAD spectrum (b) ID 
extractions at mixing time of 3.0 ms. (c) ID extractions at mixing time of 50 ms. 
the number of counterions in an ionic cluster. The corresponding minimum cluster diameter 
is 2 nm based on a hydrodynamic radius of 0.47 nm of TEA counterions.35 
Conclusions 
The location and motion of counterions, and their cluster size in Nafion has been 
studied in this paper. The counterions reside mostly near the sidechains ends, and affect the 
side group motion. In the larger counterions, the flexible alkyl chains can approach the 
backbone region and interfere with the backbone segments motion. These structural features 
are supported by the greater CP efficiency and quick cross polarization to side group by the 
small counterions, while the bigger counterions show less CP efficiency and relative slow CP 
2D exchange and CSA dephasing give similar result for this motional difference for Nafion 
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from the different counterions, although TMA+ counterions show slightly more restriction on 
Nafion segments motion, especially the sidechains. The mobilities of counterions are also 
affected by the Nafion matrix, especially for the bigger counterions, while the smaller 
counterions are relative less restrained and can be viewed as freely rotating in Nafion. The 
'H spin diffusion with 13C detection gives a lower limit of the size of the cluster, which 
include at least 100 counterions in the case of TEA+ Nafion at size of 5 ~ 6 nm3. 
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Chapter 9 
CHAIN PACKING IN A PERFLUORINATED IONOMER 
(NAFION) STUDIED BY 19F SOLID-STATE NMR 
Q. Chen, K. Schmidt-Rohr 
A paper to be submitted to Macromolecules 
Abstract 
The chain packing in Nafion, a perfluorinated ionomer, has been studied by 19F solid-
state NMR experiments. The slow 19F spin diffusion between differently oriented crystallites 
in PTFE, measured by centerband-only detection of exchange (CODEX) NMR1'2, confirms 
that the PTFE crystallites are almost parallel packed. The fast spin diffusion detected by ID 
CODEX in Nafion reveals that the packing of backbone segments is relatively disordered. 
This observation excludes significant bundling of the helical and relatively rigid, rotating 
Nafion backbones. The isotropic-chemical shifts in 2D CODEX differentiate the backbone-
to-sidechain from the backbone-to-backbone spin diffusion, which enables measurement of 
the orientational correlations among backbone segments. The orientation angle distributions 
and order parameters are obtained via the simulation fits of the experimental data with 
consideration of the spin diffusion in a model with alternating chain curvature. The influence 
of organic tetraalkylammonium counterions (TAA+) on the supramolecular structure of 
Nafion is also studied. The diameter of backbone "clusters" in Nafion was estimated to be 1 
- 3 nm, using 19F spin diffusion from the sidegroups to the backbone with the estimated spin-
diffusion coefficient. A supramolecular structural model of Nafion, in particular its 
backbone, is proposed based on these results and our dynamics studies.3'4 
Introduction 
Nafion is a widely used polymer-electrolyte membrane (PEM) in all-solid H2/O2 fuel 
cells.5"10 It combines perfluorinated hydrophobic backbones with hydrophilic sidechains 
containing perfluorinated ethers and ending in a sulfonate group, see Figure 9.1. 
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Figure 9.1 Chemical formula of Nafion 117 in the sulfonic acid form 
In hydrated Nafion, the sidechains and water molecules form ionic clusters, which are 
dispersed in the hydrophobic polymer matrix.6,10"15 Various models of the nanometer-scale 
structure of Nafion have been proposed with the goal of explaining its properties, but there 
are still many debates on the molecular and morphological features of these models.10"14,16"19 
Most research efforts have focused on the ionic cluster, while the organization of the 
backbone segments has often been disregarded.6,11-16 When they were considered, the 
backbone segments of Nafion were proposed to form some crystallites,20'21 bundles,22 or 
aggregates.19'23"25 The conformation and organization of these segments have not been 
studied in detail, even though these parameters may strongly influence the supramolecular 
organization and thus the conductivity, transport, selectivity and mechanical properties of 
Nafion membranes. 
In this paper, we investigate of the packing and orientation distribution of the 
backbone segments in Nafion by 19F NMR. The packing order of the backbone segments is 
probed by CODEX with various chemical shift anisotropy (CSA) recoupling times and l9F 
spin diffusion among the backbone segments. All segments within parallel chains have 
identical chemical shifts as a result of the fast uniaxial rotation of the backbones in 
Nafion,4'26 so the spin diffusion among them results in frequency changes only when the 
magnetization reaches the differently oriented backbone segments. The exchange is 
confirmed to be due to magnetization transfer between differently oriented backbone 
segments rather than slow segmental motion. Important features of the orientation angle 
distribution of the backbone segments are obtained by the simulation fits of the experimental 
data. Good fits are obtained based on a new alternating curvature backbone model. The 
effects of the inclusion of bulky organic counterions are also studied. The size of backbone 
domains is estimated based on 19F spin diffusion from the sidechains to the backbones. The 
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19F spin diffusion coefficient is estimated by the comparison of PTFE to its protonated 
counterpart, polyethylene (PE). 
Experimental 
Samples. The Dupont Nafion ionomer was purchased in the form of commercial fuel-
cell-quality Nafion film, Nafion 117 with the equivalent weight of 1100, in the acid form. 
The membrane was kept in a desiccator and cut into small pieces before packing in the NMR 
rotor. This desiccator-stored sample is referred to as 'dry Nafion' or just 'Nafion', whereas 
the 'wet Nafion', rinsed with water before packing, was always kept in water when out of the 
NMR spectrometer. The Nafion films neutralized with different tetraalkylammonium 
counterions, tetramethylammonium (TMA+), and tetrabutylammonium (TBA+), were kindly 
provided by Dr. Kirt Page and Prof. Robert Moore at the University of Southern Mississippi. 
The detailed preparation procedure is described elsewhere.27 They were similarly packed 
into NMR rotor and kept in the desiccator when out of the NMR spectrometer. 
NMR. All the NMR experiments were performed at 376 MHz for 19F on a Bruker 
DSX-400 spectrometer at 9.4 T. All samples were packed in the 2.5-mm NMR rotors with 
Vespel end caps or 4.0-mm rotors with Kel-F end caps. 19F spectra were referenced to PTFE 
signal as -122 ppm, and 13C spectra were referenced to glycine carbonyl signal as 176.4 ppm. 
The 19F CODEX NMR experiments at 12 kHz magic-angle spinning (MAS) were 
performed in a Bruker 4-mm CRAMPS wide-bore probehead with pulse sequence of Figure 
9.2a in ID or 2D fashion. A Hahn spin echo was applied before acquisition for better base 
lines. The dwell time was 4 ps and 83.33 ps (one rotation period) in the a>i and 
dimension, respectively. CODEX spectra for PTFE were acquired with 19F 90° pulses of 2.9 
|j.s duration. All ID spectra for PTFE were acquired with 64 scans and a recycle delay of 2 s, 
while all the 2D spectra were acquired with 16 ti increments and 256 scans. Spectra for 
Nafion were acquired with 2.8-jus 19F 90° pulses. All ID spectra for Nafion were acquired 
with 256 scans and a 2-s recycle delay, while all the 2D spectra were acquired with 24 ti 
increments and 128 scans with a recycle delay of Is for each t, increment. Four z-period 
increments of a quarter of a rotation period were applied for the y-integral.2,28 
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Figure 9.2 Pulse sequences for determining backbone segments packing and size, (a) l9F 
CODEX with 2D isotropic-chemical shift exchange, (b) "F spin diffusion at 12 kHz MAS 
based on rotary resonance, INEPT from l9F to 13C, with pulsed l9F decoupling applied during 
l3C detection, (d) 19F spin diffusion at 12 kHz MAS based on chemical shift selection. 
The 19F CODEX NMR experiments at 30 kHz MAS were performed in a Bruker 2.5-
mm X-H/F double resonance wide-bore probehead. All the spectra were acquired using the 
pulse sequence of Figure 9.2a with 19F 90° pulses of 2.5 jis duration at the dwell time of 0.5 
ps. A Hahn spin echo was applied before acquisition for better base lines. The ID spectra 
were acquired as 64 scans with a recycle delay time of 2.5 s and a dwell time of 0.5 jas. The 
2D spectra were acquired with 64 ti increments of a quarter of a rotation period; 32 scans 
with a recycle delay of 1.5 s were acquired for each t, increment. Four z-period increments 
of a quarter of a rotation period were applied for the y-integral.2,28 
The calibration of the 19F spin coefficient in PTFE were performed in a Bruker 4-mm 
X/H-F double resonance wide-bore probehead at 12 kHz MAS with the pulse sequence of 
Figure 9.2b. The initial non-equilibrium !9F magnetization distribution is generated by rotary 
resonance with coi = to,-,29'30 which recouples the 13C-19F dipolar couplings in PTFE. After 
INEPT31 from 19F to 13C, the 13C signal was detected with pulsed 19F decoupling.32 The 
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spectra were acquired with a 90° pulse of 3.4 (as duration, 128 scans with a recycle delay of 4 
s, and a dwell time of 20 (as. The 19F spin diffusion experiments for Nafion were performed 
in a Bruker 4-mm CRAMPS wide-bore probehead at 12 kHz MAS with the pulse sequence 
of Figure 9.2c. Spin diffusion is initiated by the chemical shift selection33 of the mobile side 
groups. The spectra were acquired with a 90° excitation pulse of 2.8 p,s duration, 256 scans 
with a recycle delay of 1.5 s, and a dwell time of 4 ps. 
Theoretical Background of NMR Techniques 
19F CODEX and Chain Packing in Nafion. CODEX probes the slow motion and 
other exchange processes during the mixing time by recoupling the chemical shift anisotropy 
(CSA) under magic-angle spinning.2'28 The n pulses applied every half rotation period, see 
Figure 9.2a, recouple the chemical shift anisotropy, so the accumulated phase before ($i) and 
after ($2) the first mixing time can be obtained as: 
O, =  y  ( - ' 2  <y, {t)dt + |'/2 <y, (t)dt) = -N n (ùx (t)dt (9.1a) 
0, = (9-lb) 
where coi(t) and a%(t) are the chemical shift evolution frequency before and after the mixing 
time L, respectively. The CSA recoupling is applied for N rotation periods. The 
accumulated phase $ = $1 + $2 is zero and the magnetization is re focused along its original 
direction if no exchange happens or the CSA before and after the mixing time are the same 
(a>i(t)=Cû2(t)). A frequency change during the mixing time induced by slow motion or any 
other process, like spin diffusion, will result in a nonzero phase $. Therefore, the detected 
signal is dephased relative to the signal detected without exchange. The signal dephasing is a 
function of the mixing time and the CSA recoupling time, which reflect the correlation time 
of the motion and its distribution, and the reorientation angle and its distribution, 
respectively. The relaxation effect during the mixing time and the CSA recoupling period is 
eliminated by the normalization to the reference spectrum So, where the system has the same 
relaxation but with no exchange during a very short mixing time.2'28 
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Figure 9.3 Chain packing and spin diffusion, (a) Rotating helical chains results the parallel 
chemical-shift tensors of all segments along a helical chain. The frequencies of all segments 
in parallel chains are the same, (b) Spin diffusion will result in frequency changes only if 
magnetization exchange between non-parallel packed chains in different oriented crystallites. 
Due to the fast uniaxial rotations of the helical chains in PTFE and Nafion backbone 
segments, as discussed in Chapter 7, the chemical shift tensors of all fluorines along a helical 
chain are parallel, see Figure 9.3a. Therefore, the 19F frequencies of all segments in the 
parallel chains are the same. Magnetization exchange in the backbone segments will not 
result in frequency change, in other words, the spin diffusion is invisible under CODEX in 
this case. Only the magnetization exchange happens between non-parallel chains in different 
oriented crystallites of PTFE, as Figure 9.3b, can be detected by CODEX. The frequency 
change during the spin diffusion, detected as the signal dephasing in CODEX, provides a 
method for evaluating the parallel packing order of the backbone segments, and thus provide 
the valuable information on the supramolecular organization of Nafion. In regular ID 
CODEX experiments, the exchange signal includes the backbone-backbone spin exchange of 
interest and the backbone-sidegroup exchange. By combining 19F CODEX with 2D 
isotropic-shift exchange NMR, the exchange between backbone segments can be monitored 
exclusively by evaluating the backbone-backbone diagonal peak in the 2D exchange spectra. 
Reorientation-Angle Distribution. 
Considering the magnetization transfer among different molecular orientations or the 
molecular reorientation during the mixing time, the dependence of the pure exchange 
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intensity, E(tm, 5Ntr) = 1 - S/Sq, on the CSA recoupling time can be simulated. 5 is the 
chemical shift anisotropy parameter.34 The curves for different molecular reorientation 
angles,35 are shown in Figure 9.4. It is obvious that the pure exchange intensity is sensitive 
to small angle reorientations. For a system with segments at different orientations, the total 
exchange intensity is a weighted sum of the exchange intensity for the various reorientation 
angles. 
E(lm, 8Ntr) 
0.8 
30° 
0.6 
reorientation angle 
(3= 10° 
0.4 
0.2 
Figure 9.4 CODEX pure exchange intensity dependence on the CSA recoupling time for 
various reorientation angles. The curves show that CODEX is sensitive to change at small-
angle reorientation regions. The simulations are based on the motionally averaged CSA of the 
backbone 19F in Nafion with an anisotropy parameter of 70 ppm at 9.6 Tesla or 26.3 kHz. 
A simplified version of the repeat unit in our proposed alternating curvature model is 
shown in Figure 9.5a. In terms of orientations, we have three different segments A], B, and 
B2, since Aa-segment is orientationally equivalent to the A1-segment. Magnetization starting 
within the A1-segment can end up on another part of the A1-segment (0°), diffuse to the A2-
segment (0°), or to the B-segment forwards or backwards (45°). Magnetization starting 
within the B;-segment can end up within the same segment (0°), diffuse to the A1-segment or 
A2-segment (45°), or the B2-segment (90°). Magnetization starting within the B2-segment 
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behaves the same. So, the relative reorientation-angle population is 3 for 0°, 4 for 45°, and 1 
for 90°, as shown in Figure 9.5b. 
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Figure 9.5 Distribution of relative backbone orientations R(P) in kinked segments, (a) 45° 
kink of the segment, (b) R(p) for complete magnetization exchange between all parts of the 
kinked segment. 
The distance between two sidechains in Nafion is about 1.9 nm on average, based on 
the 0.13 nm distance between the CF2 along the backbone20'23'36 and the average 15 CF2 units 
between two neighboring sidechains. Therefore, the magnetization of one segment needs 
some time to reach the other segments. In this sense, the above discussed reorientation angle 
distribution is only valid for relative long mixing time. The relevant R(J3) will evolve with 
the mixing time of the CODEX experiments, due to spin diffusion along the curved chain. 
Therefore, we can model this as the spin diffusion in a one-dimensional system. Figure 9.6a 
depicts the spin diffusion from the A1-segment to the B- and Aa-segments, and Figure 9.6b 
the spin diffusion from the B2-segment to the Ai-, B,- and Aa-segments. The whole 
magnetization evolution along the chains is the sum of these two cases. 
When the initial magnetization starts at A,, then the magnetization of B and A2 after a 
spin diffusion time tm is33'34 
(Zm ) ~ S() 
1 2 V 
d A + t l B  , , — X 
vti: '&expw (9.2a) 
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and 
^,(L) = 2^o 
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dA+dB+-dÀ — x1 . 2 dxexpf ) 
m 2^^' y 
= F 
't... V 
(9.2b) 
respectively. dA, and da are the lengths of the A and B segments, respectively. D is the spin 
diffusion coefficient. The spin diffusion in the other case can be similarly calculated. 
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Figure 9.6 ID model for spin diffusion along the Nafion backbone, (a) When the initial 
magnetization starts at the A,-segment, it diffuses to the B- and A2-segments. (b) When the 
initial magnetization starts at the B2-segment, it diffuses to the Ar, Br and A2-segments. 
Results and Discussion 
ID vs. 2D CODEX. In regular ID CODEX experiments, we cannot distinguish the 
backbone-backbone spin exchange of interest from backbone-sidegroup exchange.4 By 
combining 19F CODEX with 2D isotropic-chemical shift exchange NMR, we can label the 
magnetization sources and destinations. 
Figure 9.7 compares ID and 2D CODEX dephasing of Nafion backbone signals. The 
spin exchange in ID CODEX (Figures 9.7a and 9.7b) is faster than that in 2D CODEX 
(Figures 9.7c and 9.7d), since ID CODEX includes the spin diffusion from backbone to side 
groups. This is unavoidable in ID exchange experiments since we do not select the initial 
magnetization source. In the 2D exchange experiment, the source is identified by the 
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isotropic chemical shift labeling. Note that there are no sidechain peaks in the ID slice from 
the 2D CODEX S-spectrum taken at the backbone frequency in coi, see Figure 9.7d. 
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Figure 9.7 19F CODEX spectra of Nafion with mixing time of 1 ms. (a) So (b) S for ID, 64 
scans with the recycle delay time of 2 s, (c) S0 (d) S for 2D, 24 t, increments with one rotation 
period and 256 scans with the recycle delay time of 1 s for each increment. 
Motion vs. Diffusion. ID CODEX can not tell the difference between motional 
reorientation and spin exchange since both induce the same type of frequency change seen by 
the experiment. Fortunately, the two processes can be differentiated in 2D CODEX for 
selected sites of Nafion. As shown in Figure 9.8a, the CF on the backbone sees significant 
signal dephasing in ID CODEX experiments after a mixing time of 10 ms, while its diagonal 
peak in the 2D CODEX spectrum shows negligible dephasing, see dashed boxes in the 
vertical cross sections shown in Figure 9.8b. Dephasing of this diagonal peak requires spin 
exchange between the backbone-CFs, which does not occur on the order of 10 ms mixing 
time due to the average sidechains distance of ~ 1.9 nm. This proves that the dephasing of 
the CF peak in the ID CODEX spectrum is due to spin diffusion to the sidechains. This 
167 
negligible dephasing of the backbone CF diagonal peak in 2D CODEX also tells us that no 
motion happens during the 10-ms mixing time, since the reorientation of the backbone-CF 
would dephase the diagonal peak. The pure exchange intensity from backbone to backbone 
is evaluated as the normalized intensity difference of the ID slices, So and S, respectively, 
extracted from the (CFz)n peak in 2D CODEX spectra, as Figure 9.8c. 
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Figure 9.8 ID vs. 2D CODEX, (a) ID CODEX, with salient dephasing of all peaks, (b) 20 
CODEX and the extracted slices from the backbone CF peak. The diagonal peak, which 
shows little dephasing, is highlighted by dashed boxes, (c) ID slices extracted from (b) the 
backbone (CF2)n peak for backbone-backbone pure exchange evaluation. All spectra were 
obtained at 30 kHz MAS with a mixing time of 10 ms, and the CSA recoupling time was 2 
rotation periods. 
Backbone Segment Packing. Due to the uniaxial motions around the chain axis, all 
I9F backbone chemical-shift frequencies (including the anisotropic components) are identical 
within a crystallite or ordered chain bundle. Thus, spin diffusion within a crystallite or 
bundle is invisible, while magnetization transfer from one crystallite or bundle into a 
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neighbor of different chain-axis orientation can be detected in terms of chemical-shift 
changes, with good sensitivity. The frequency change during the mixing time reduces the 
stimulated echo intensity in CODEX, and therefore the observed signal is reduced. The 
exchange intensity, the difference of the reduced signal and the full-echo signal, is monitored 
as a function of the mixing time. The faster the rise of the exchange signal, the shorted the 
range of the packing order. If this process is much slower than the spin diffusion between 
backbones and side-chains, a bundle or lamellar crystallite structure can be deduced. Figure 
9.9 compares the spin diffusion in Nafion measured by ID and 2D CODEX, and the spin 
diffusion in PTFE for reference. It shows slightly faster spin diffusion detected by ID 
CODEX and faster magnetization exchange in PTFE. 
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Figure 9.9 l9F spin diffusion from backbone segments detected by CODEX (ID and 2D) for 
Nation and PTFE. 
Reorientation-angle Distribution Evolution. Figure 9.10 presents the weights of the 
three relevant components in the reorientation-angle distribution as a function of the spin 
diffusion time tm. As analyzed in the Theory part, the finite time needed for transfer from 
Ai to B and Bi to B2 is due to the relative large segment length in the Nafion structure. The 
ratio at long time, reached after 30 ms, has the value of the population analysis, 3:4:1. These 
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weight ratios are incorporated into simulations to generate the overall backbone CODEX 
intensity evolution as a function of CSA recoupling time. The spin diffusion coefficient is 
estimated based on the experiments discussed in detail below and consideration of the 
difference between the spin diffusion along the backbone and along the backbone and 
sidechain. The spin diffusion coefficients in Nafion with counterions are slightly faster due 
to the restricted motion of the backbone and sidechains, which results in less motional 
averaging of the F-F couplings.37 
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Figure 9.10 Dependence of the three components in the R(P) distribution on the spin 
diffusion time. The ratio at the long mixing time is same as the reorientation angle 
population. This clearly shows that the magnetization reaches the adjacent segment first and 
then the next-neighbor segment. 
Analysis of CODEX Data from the Nafion Backbone. Figure 9.11 shows the 
simulation results if we assume the reorientation-angle population is the same for all mixing 
times from the shortest 3 ms to longest 100 ms ("instantaneous spin diffusion"). While the 
fit for 100 ms is good, the fits for short mixing times are poor. The reason is, as analyzed 
above, that the magnetization needs some time to reach the differently oriented segments and 
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the relative population of reorientation angles is different from that at the long mixing time. 
Therefore, it is really necessary to consider the relative ratio at different mixing times as 
discussed before. The simulated CODEX curve for random relative orientations of backbone 
segments is included for comparison. 
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Figure 9.11 CODEX pure exchange fits based on a simple Gaussian angle distribution with 
various widths as indicated. No change was considered within the simple model of the 
reorientation-angle distribution with the mixing time. 
Figure 9.12a shows the CODEX simulation based on realistic spin diffusion in the 
alternating curvature model of Figure 9.5. It clearly shows that this model gives better 
simulation fits of the experimental data for all mixing times. The fitted angle distribution is 
relatively broad, see Figure 9.12b. The details of the small angle component are responsible 
for the change of the CODEX intensities at long recoupling time. The standard deviation 
angle of this component is increased with the mixing time from 10° at 3 ms to 18° at 100 ms. 
The order parameters calculated based on the angle distributions are also listed in Figure 
9.12a. It can be seen that even at the shortest mixing time, or for the relative local region, the 
packing is quite disordered (<S%> = 0.67). For longer times or larger regions, the 
orientational correlations among backbone segments decrease further, with the lowest order 
parameter of 0.38. 
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Figure 9.12 CODEX simulation for various Nafion. Pure exchange intensity dependence on 
the CSA recoupling time, (a, c, and e). Reorientation-angle distribution reached by the 
magnetization at different mixing times (b, d, and f). 
We also performed similar experiments and simulation fits for Nafion with the 
organic counterions TMA and TEA. This model still can give reasonable good fits with a 
slightly modified angle distribution. As discussed in our previous paper,4 the inclusion of 
organic counterions restricts the motions in Nafion, especially the sidechains. Therefore, the 
spin diffusion in the fits was larger, 0.18 nm2/ms. The fitted angle distribution was only 
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slightly modified. The order parameter is also similar. Therefore, it can be concluded that 
only little reorganization occurs with the inclusion of the counterions. The simulation and 
angle distribution are shown in Figures 9.12c, 9.12d, 9.12e, and 9.12f. 
Note that in a regular lamellar structure with small chain tilt (<15°), even spin 
diffusion across the amorphous layer would not result in a large frequency change. 
Therefore, the CODEX results in Nafion contradict with the lamellar model proposed by 
Litt21, which was proposed for the explanation of the linear relation between absorbed water 
content and ionic cluster diameter and the rapid drop of the modulus of Nafion with small 
amount of absorbed water. Our results combine some features of the elongated aggregates 
model proposed by Gebel & Diat24,25 with those of the Gierke cluster model. 
Backbone segments size. Spin diffusion measurement provides information on 
domain size in heterogeneous system.33,34 19F spin diffusion in PTFE was measured for 
calibration of the spin diffusion coefficient. On that basis, the spin diffusion behavior in 
Nafion was used to derive the backbone domain size. Two different methods were used to 
generate the non-equilibrium initial state for spin diffusion experiments. 
Spin diffusion technique is widely used as a powerful method for estimating of 
domain sizes in heterogeneous system based on the magnetization evolution of one 
component in the system with the square root of diffusion time.33'34 Analysis of the spin 
diffusion equation shows that the domain size can be derived from the initial spin diffusion 
behavior; conversely, the spin diffusion coefficient can be obtained for model sample of 
known morphology. For a typical A-B two-component system, the relation is the 
following33'34 
where is the domain size,fA is volume ratio of A component, s is the dimensionality 
parameter relating to the domain shape (lamellae: s = 1, cylinders: 8 = 2, spheres/cubes: e = 
3), D is spin diffusion coefficient and tsm is the intercept of the initial linear magnetization-
(9 3) 
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to 100% magnetization. Therefore, a key point for quantitative estimation of the 
backbone domain size is the accurate spin diffusion coefficient in Nafion. Several 
measurements of the *H spin diffusion coefficient have been reported for organic systems, 
whereas the l9F spin diffusion coefficients have rarely been reported in the literature. 
Different methods have been developed for calibration of spin diffusion coefficients in 
heterogeneous systems.33'38"40 
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Figure 9.13 l9F spin diffusion in PTFE and Nafion. (a) Calibrating the l9F spin-diffusion-
coefficient in PTFE as compared with spin diffusion in PE. Experimental parameters for 'H 
spin diffusion experiment on PE has been described in detail elsewhere.3 (b) l9F spin diffusion 
from the Nafion sidechain to the backbone measured after ID chemical shift selection. 
In Figure 9.13a, the 19F spin diffusion in PTFE is compared to *H spin diffusion in 
PE, since PE is the hydrogenated version of PTFE. This shows the spin diffusion in PTFE 
slow down by the chain rotation, the longer 19F-19F distance, and the 6 % smaller 
gyromagnetic ratio compared to *H. After scaling time by a factor of 9, the scaled 19F spin 
diffusion curve of PTFE almost superimposes with *H spin diffusion in PE. Based on this 
comparison, the 19F spin diffusion coefficient in PTFE is derived as 0.03 nm2/ms, about 1/9 
of the 'H spin diffusion coefficient, about 0.3 nm2/ms, in PE, which is obtained as local spin 
diffusion coefficient by the REDOR based technique described in Chapter 5. Figure 9.13b 
shows the spin diffusion in Nafion from sidechain to backbone region, where the 
magnetization source is selected by chemical shift filtering the peak at -80 ppm, which 
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represents most of the sidechain fluorines. A rough estimation of Nafion backbone domain 
size is based on the derived 19F spin diffusion coefficient in PTFE with the assumption of 
similar spin diffusion behavior of these two systems. This assumption is reasonable from all 
the above discussions of the dynamic properties of Nafion and PTFE. The estimated 
backbone domain size is around 16 Â, comparable to the repeat unit in Nafion, about 15 CF2. 
Figure 9.14 Alternating curvature model of Nafion with CODEX magnetization exchange 
between backbone-backbone and backbone-sidechain. 
Supramolecular Structural Features. An "alternating curvature model" of 
backbone organization is proposed for the local molecular structure of Nafion, as shown in 
Figure 9.14. In this structure, the backbone segments are helical and conformationally 
ordered and rotate around their chain axis at rates exceeding 100 kHz. The helical and 
conformationally ordered backbone is supported by the narrow 13C linewidth,26 quite similar 
to crystalline PTFE. The reduced 13C-19F dipolar splitting and uniaxial static 13C and l9F 
chemical shift powder patterns, discussed in Chapter 7, prove the high speed uniaxial rotation 
around the chain axis, which is also a well-known phenomenon of PTFE chains.41"43 The 
spin diffusion shows that the diameter of the backbone region is comparable to the size of the 
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repeat unit. The backbone region has short lateral order based on the quick frequency 
exchange in CODEX, proving much less packing order than in PTFE. The branch point in 
the backbone is disordered and partially mobile since it has relative broad linewidth in both 
l3C and 19F frequencies.26 The most mobile component in Nafion is the sidechain, which 
makes the rather long T2 relaxation and narrow linewidth of 13C and 19F frequencies for CF3, 
SCF2.26 The CODEX data analysis shows that absorbed water and inclusion of organic 
counterions do not significantly change the backbone structure of Nafion, but have 
observable effects on the mobility of Nafion. As discussed in detail in Chapter 7, absorbed 
water will increases segmental mobilities of Nafion, most strongly for the sidechain, since 
most water is involved in hydration of the ionic groups in Nafion. The measurements of 
chemical shift anisotropics are sensitive enough to detect slightly enhanced backbone 
mobility upon hydration. 
Conclusions 
An "alternating curvature model" for Nafion has been proposed based on the 
experimental results in this paper. This model is based on the high degree of local 
conformational order of the stiff, rotating helical backbone segments, combined with the low 
degree of long-range order revealed by fast CODEX dephasing in Nafion. Simulation with 
spin diffusion in the repeat unit of the alternating curvature model reproduces the CODEX 
data in detail. The order parameters for the backbone segments packing on the 1- nm scale 
are less than 0.5. 
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Chapter 10 
CONCLUSIONS 
The conformational, dynamic, and structural information of Nafion have been studied 
by various *H, 13C, and l9F solid state NMR techniques. Hydration and inclusion of organic 
counterions are also investigated for their influences on the structure and dynamic motion of 
Nafion. A new model with alternating chain curvature is proposed. 
The 19F and 13C NMR signals of Nafion are revised based on various NMR spectra. 
The signals at -138 and -144 ppm of I9F NMR are unambiguously assigned to backbone and 
side group CF sites, respectively. The CF3 and OCF2 signals, -80.4 and -79.8 ppm in the 19F 
dimension, are clearly resolved in the 13C dimension of the 2D HETCOR spectrum. The 
mobile SCF2 site resonating at -120 ppm in 19F NMR has slow T2 relaxation, and its identity 
is confirmed by its proximity to the two OCF2 groups which resonate at -80 ppm in 19F 
NMR. The position and small width of the backbone CF2 groups peak in both 13C and 19F 
ID spectra indicate straight, PTFE-like helices between the branch points. Relatively static 
disorder near the branch point and increased mobility near the ends of the side group is 
revealed by the differential line broadening of the l9F and 13C NMR signals. 
The reduced 13C-19F dipolar couplings, uniaxial 13C and I9F chemical shift powder 
patterns, and linear correlation of 13C and 19F chemical shifts confirm the helical, 
conformationally ordered, and fast uniaxial rotating crystalline PTFE-like backbone 
segments in Nafion. Besides the ordered and rotating backbones, the components near 
backbone branch points of Nafion are disordered and partially mobile. The side chains are 
the most mobile components in Nafion with the rather long T2 relaxation and narrow 
linewidths of l3C and 19F frequencies. The CSA dephasing technique tells the motion 
difference of various sites in Nafion with the fitted ô value. 
The tetraalkylammonium (TAA+) counterions in Nafion, especially the smaller 
counterions like tetramethylammonium (TMA+), reside mostly near the side chains ends, and 
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affect the motion of side chains. The flexible alkyl chains in the larger counterions, like 
tetrapropylammonium (TPA+) and tetrabutylammonium (TBA+), can approach the backbone 
region and interfere with the backbone segments motion. The mobilities of counterions are 
also affected by the Nafion matrix, especially for the bigger counterions, while the smaller 
counterions are relative less restrained and can be viewed as freely rotating in Nafion. The 
*H spin diffusion with 13C detection gives a lower limit of the size of the cluster, which 
include at least 100 tetraethylammonium (TEA+) counterions at size of 5 ~ 6 nm3. 
The absorbed water and inclusion of organic counterions do not significantly change 
the backbone structure of Nafion, but have observable effects on the mobility of Nafion. 
The hydration increases segmental mobilities of Nafion, most strongly for the side chain, 
since most water is involved in hydration of the ionic groups in Nafion. The measurements 
of chemical shift anisotropics are sensitive enough to detect slightly enhanced backbone 
mobility upon hydration. 
A model with alternating backbone curvature has been proposed to satisfy to 
experimental results, especially the NMR data of the conformationally ordered and rotating 
helical backbone segments at the low level of packing order. The inclusion of bulky organic 
counterions and hydration only induce slight structural reorganization of Nafion. The spin 
diffusion data suggest that the diameter of the backbone region is comparable to the size of 
the repeat unit. 
The techniques for suppressing the probehead background signal and measuring the 
spin diffusion coefficient in 1-nm scale heterogeneity are developed and applied in the 
Nafion investigations. This simple and sensitive background suppression is necessary for *H 
and l9F NMR with the normal probehead due to the proton and fluorine containing material 
used in the manufacturing. The smaller spin diffusion coefficients can be more accurately 
measured in the local region with the lattice spin diffusion simulation on the experiments. 
